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The purpose of this study was to investigate the nonlinear, inelastic response of one-story,
symmetric- and asymmetric-plan structures to uniaxial and biaxial lateral earthquake ground
motions. The investigation is a combined experimental and analytical program. Through the
study, the lateral-torsional response of the system was studied for a range of system parameters
with the goals of examining the adequacy of current building code torsional design assumptions
and the ability of analytical software to predict inelastic response.

The experimental part of the investigation involved subjecting a single-story steel moment-frame
to a series of uniaxial and biaxial earthquake ground motions on the U.S. Army CERL shaketable.
The structure used in this study was a rigid diaphragm, approximately eight feet on a side,
supported by four steel pipe columns, five feet in length. Sixteen steel masses were attached to
the structure in various configurations in order to provide dead load and mass asymmetry. In
addition, different types of pipe columns and steel strap braces were used to create eight different
configurations of mass, strength, and stiffness eccentricity.

The analytical part of the investigation involved the nonlinear finite element programs Abaqus
and Drain-3DX to analyze the response of the model during the earthquake simulations.
Analytical models were created using the experimentally measured dynamic properties of the test
structure and material properties of the steel columns. The elastic and inelastic response of the
structure during each configuration was then predicted using both Abaqus and Drain-3DX.
Subsequently, analytical models were created based on typical design assumptions, without the
benefit of experimentally measured structural properties. The inelastic response of the structure
was then predicted using Drain-3DX.

Implications of the experimental results on the adequacy of seismic design provisions are
discussed. In addition, the ability of analytical software to predict inelastic torsional response is
discussed for both a model tuned to the measured dynamic properties of the actual structure and a
model based on common modeling assumptions. Further, the effects on prediction accuracy of
different analytical modeling parameters and assumptions is discussed
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CHAPTER 1
INTRODUCTION

1.1 OBJECTIVE

The purpose of this research project is to investigate the nonlinear, inelastic response of one-story,
symmetric- and asymmetric-plan systems to biaxial lateral earthquake ground motions. This combined
experimental-analytical investigation seeks to characterize the lateral-torsional response of the system for

a range of system parameters.

1.2 BACKGROUND

The complete inelastic response of structures is of great interest because collapse is prevented during
carthquakes primarily by the dissipation of energy that occurs after yielding. The current strategy
employed in designing structures to withstand large seismic ground motions is one in which the structure
is sacrificed to the benefit of its occupants; the preservation of human life is the primary goal. As long as
the structure doesn't collapse, it has not failed, and this is achieved by dissipating the energy imparted to
the structure by the ground through the inelastic, hysteretic behavior of the structure. In structures with
low damping, this hysteretic behavior is the primary mechanism of energy dissipation. Thus,
understanding the seismic behavior of structures in the inelastic region is the first step in an effective

design.

One mechanism that is of particular interest in seismic behavior of structures is torsion. Torsion is the
twisting of the structure. When it is coupled with the lateral response, the forces and displacements of the
various resisting elements are different from those experienced when the structure responds only in the
planar directions. Torsion is the result when the mass distribution and stiffness distribution of a structure
are not symmetric with respect to both planar axes of motion. Due to architectural constraints, buildings
are typically designed with the aforementioned asymmetries. However, even when they are designed to
be symmetric, in actuality asymmetries are present as a result of the imprecise nature of construction, the

variability of the objects and people occupying the structure, etc. Thus, lateral-torsional coupling, to



some degree, is a mechanism always present in the seismic response of a structure. Therefore, to generate
a complete understanding of the response of structures during earthquakes, the inelastic lateral-torsional

behavior must be characterized.

Initially, the elastic seismic response of structures was studied [5, 12, 18, 19, 43, 50, 51, 52, 53], and a
complete picture of this behavior now exists. The elastic torsional response depends on four system
parameters: the uncoupled vibration period 7 = 277, the eccentricity between the center of stiffness and
the center of mass e, or the normalized stiffness eccentricity ey/7; the uncoupled torsional to lateral
vibration frequency ratio 2; and the damping ratio & However, the elastic torsional response does not
depend independently on the number, location, and stiffness of the individual resisting elements. The
effect of the lateral-torsional coupling is such that the dynamic shear force, in the direction of motion, is
reduced due to the coupling as compared to the response of the uncoupled, or symmetric system. Also,
the lateral-torsional coupling produces a dynamic amplification of the story torque about the center of
resistance. The torsional coupling effect depends on the uncoupled torsional to lateral frequency ratio.
The reduction in the base shear force due to dynamic torsional coupling is more pronounced if the
eccentricity is large and if the uncoupled torsional to lateral frequency ratio is close to unity. The
dynamic amplification of the torque is more pronounced if the uncoupled torsional to lateral frequency

ratio is close to unity and the eccentricity is small.

Based on the studies of the elastic response of structures, code provisions have been evaluated [5, 14, 26,
44,70, 71, 81, 83], and in many cases, suggestions for modifications have been made. In one study,
Chopra and Goel [14] found that although symmetric-plan systems designed with R = 1 are expected to
remain elastic in response, similarly designed asymmetric-plan systems may deform into the inelastic
range, and that the ductility demands for the asymmetric system are generally greater than for the
symmetric system as well. DeStefano and Rutenberg [26] also found, when evaluating the UBC
Torsional Provisions, that systems designed with a strength level corresponding to the serviceability limit
state may sustain relatively large inelastic excursions. In another study, Rutenberg and Pekau [70] found
that static code provisions underestimate the response of members on the rigid side of the center of
stiffness at low frequency ratios, as well as of torque resisting members when 2 is near unity and the
eccentricity is small. They also found that the provisions overestimate the response of members on the

flexible side at low frequency ratios and when the eccentricity is large.

The design eccentricity is one aspect of code provisions that has been the subject of many investigations.

Some codes amplify the static eccentricity to account for the dynamic amplification of the story torque,



while other codes do not. In addition, the accidental eccentricity is also the subject of discussion. In all
codes, the accidental eccentricity is defined as some fraction of the width of the structure, but that fraction
differs with the various code provisions. Some codes allow reduction of the stiff-side element strength to
take advantage of the torsional behavior, while others do not. The primary problem here is that design

codes are attempting to account for inelastic behavior of structures through an elastic design model.

However, the elastic response represents an incomplete picture of the overall seismic structural response.
As time passed and analysis tools advanced, the focus of study shifted to the inelastic seismic response of
structures. A great deal of research has been done in this area, and with good reason: building codes
specify a design for current structures which will produce inelastic behavior at the ultimate limit state.
However, the inelastic response is not only a function of the four elastic system parameters (uncoupled
lateral vibration period, uncoupled torsional to lateral vibration frequency ratio, eccentricity between the
center of stiffness and the center of mass, and the damping ratio), but is also a function of the distribution
of mass, stiffness, and strength in plan. This has made the task of studying the inelastic behavior of

structures and especially accounting for that behavior in design codes much more difficult.

For elastic structural response, only the distance between the center of stiffness and center of mass is
important. A mass-eccentric model and a stiffness-eccentric model will behave in a similar manner as
long as the eccentricities are the same. For inelastic response, however, the absolute locations of the mass
center and stiffness center are important, not just their relative positions to one another. Thus, a mass-
eccentric model and a stiffness-eccentric model will not behave in a similar manner even though the
eccentricities are the same. Tso and Ying [78] investigated the effect of strength distribution on the
ductility demand of both the flexible-side and stiff-side elements in eccentric, inelastic systems. The
researchers studied both stiffness-eccentric systems (SES) and mass-eccentric system (MES), and found
that it was necessary to develop separate guidelines for each of these types of systems. When the system
was excited into the inelastic region, the flexible-side elements experienced large additional ductility
demand for the SES, while the stiff-side elements experienced large additional ductility demand for the
MES. In both the SES and MES, the flexible-side element experienced significant additional
displacement. Goel and Chopra [36] conclude that for a system with equal strength and stiffness
eccentricities, mass-eccentric and stiffness-eccentric systems may be used interchangeably to estimate the
deformations at the center of stiffness, but not for predicting the maximum ductility demand. For systems

with no strength eccentricity, the mass-eccentric and stiffness-eccentric systems respond very differently.



In addition, for structures behaving elastically, the strength distribution is not an independent factor in the
response, because in the elastic region, the strength is proportional to the stiffness. However, the strength
eccentricity is an independent factor in the inelastic region of behavior. Goel and Chopra [36] found that
strength-symmetric systems and systems with strength eccentricity much smaller than stiffness
eccentricity generally experience smaller effects of torsional coupling than do systems with equal strength
and stiffness eccentricities. Ferhi and Truman [30, 31] found that systems with normalized strength
eccentricity (NP) in the vicinity of the normalized stiffness eccentricity (NR) undergo controlled inelastic
rotations and lateral displacements, while systems with NP larger than NR undergo excessive inelastic
rotations but small lateral displacements, and systems with NP smaller than NR undergo small inelastic
rotations. Sadek and Tso [72] proposed that the strength eccentricity should be favored over the stiffness
eccentricity as the parameter of interest in the inelastic response region. They found that the intensity of
inelastic torsional response and stiffness eccentricity become less well correlated, while the strength

eccentricity does a better job of correlating the peak response parameters of interest.

As the dissipation of energy is of paramount importance in the ultimate limit state of structures,
characterizing the total cyclic energy dissipation capacity has received recent attention. Bruneau and
Wang [3] suggest using a relative energy method to evaluate the hysteretic energy as it is found to provide
a good indicator of the nonlinear inelastic seismic structural performance. Goel [38] uses various energy
quantities, such as total energy input and total hysteretic energy, to investigate the inelastic responses of
code-designed, asymmetric-plan systems with large eccentricities in both directions and subjected to

biaxial input motion.

As is evident from the brief review of inelastic behavior, not only are the number of parameters which
affect response greater than for elastic response, but in many cases, the variation of effects which the
different parameters produce are dependent on each other in a complex manner. For example, Bozorgnia
and Tso [2] found that the effect of asymmetry on the element ductility demand and on the edge
displacement is greatest for stiff systems with yield strength greatly reduced from the elastic strength
demand. As noted above, Tso and Ying [78] found that in studying the effect of strength distribution,
guidelines that apply to stiffness eccentric systems lead to poor response performance when they are

applied to mass eccentric systems, and vice versa.

Many problems have arisen in attempting to produce research results that are applicable in a general sense
to inelastic response. Most studies have utilized models that are basically uniaxial in nature, with

asymmetry in only one planar direction and subjected to uniaxial input motions. Obviously, this is a



simplification, as real structures will nearly always be subjected to components of motion to some degree
from both planar directions. However, this approach is taken in order to more easily understand the
effects of various factors on the inelastic response and to reduce the computational effort, but at the

expense of more realistic modeling of the structure.

Some researchers have noted that most actual structures have resisting elements which are perpendicular
to the studied direction of motion, and that these resisting elements would not provide lateral resistance,
they would provide torsional resistance. Consequently, many studies have been based on models with
perpendicular resisting elements while subjected to uniaxial ground motions [14, 15, 25, 34, 35, 36, 37,
38,49, 71, 80, 84, 85, 86]. One notable response characteristic that these studies have uncovered is that
as structures move further into the inelastic region of response, the torsional response becomes less
important. This response characteristic is not at all surprising based on the model chosen, due to the fact
that as the structure deforms inelastically, the lateral stiffness becomes very small at times, while the
perpendicular resisting elements will generally, for this model, remain elastic. Thus, the torsional-to-

lateral stiffness will become infinitely large at times, preventing the structure from responding torsionally.

However, one must examine the validity of this type of model, because in a real earthquake with biaxial
input motions, the perpendicular resisting elements will be subjected to lateral motions as well, possibly
causing them to deform inelastically. Chandler et. al. [7] found that evidence from past earthquakes
supports this observation. This type of behavior is not taken into account in the aforementioned model.
Based on this argument, other researchers have chosen to return to a purely uniaxial research model, with
no perpendicular resisting elements. Proponents of using perpendicular resisting elements have argued
that the lateral ground motion that affects the perpendicular elements is generally much smaller, and thus
will not cause inelastic deformation. Correnza and Hutchinson [16] found that uni-directional analyses on
a model with transverse resisting elements give satisfactory estimates of the inelastic responses of systems

designed in accordance with a range of code static torsional provisions.

It seems clear that each of these model configurations are limiting cases to the actual structure behavior,
with the absence of the perpendicular resisting element being the more conservative case. Chandler, et.
al. [7] found that a uniaxial approach neglecting transverse elements and loading, has been found to give
accurate and reasonably conservative estimates of the critical flexible-edge deformation, but may
underestimate the stiff-edge element ductility demand by a factor of two or more in the short-period
range. Correnza and Hutchinson [16] found that systems considering only the lateral load-resisting

elements and the corresponding earthquake ground motion input, may significantly overestimate the



response of the flexible-edge element in short-period systems, but are only slightly conservative for the
design of such elements in medium- and long-period systems. Thus, although uniaxial models do provide
useful insight into the inelastic behavior of structures, it is clear that a model subjected to biaxial input
motions is necessary to gain an accurate picture of true inelastic response and to validate any

simplifications made in the analysis models chosen.

A greater number of recent studies have been based on inelastic models subjected to biaxial ground
motions [7, 16, 20, 28, 33, 42, 67, 68]. Riddell and Santa-Maria [68] used a model with force-resisting
elements in both planar directions and subjected to both uniaxial and biaxial ground motions. Based on a
series of 15 two-component earthquake records, they found that the effect of biaxial ground motions on
the deformations of the flexible-side element was significant for short period, acceleration-sensitive
systems. Further, they found that the deformations increase as the eccentricity and the intensity of the
second ground motion component increase, and as the yield strength and lateral period decrease. Another
study by Ghersi and Rossi [33], using 30 pairs of artificially generated accelerograms, showed that the
inelastic response of asymmetric systems is not affected significantly by the presence of both ground
motion components. And a study by De Stefano et. al. [28] on the performance of one-way asymmetric
systems designed according to the Uniform Building Code and subjected to biaxial ground motions
indicated that the peak ductility demands on elements aligned along the asymmetric system direction were
very close to, and sometimes lower than, those for the corresponding symmetric system. On the other
hand, the elements aligned along the symmetric direction experience significantly larger ductility demand

than those for the corresponding symmetric system.

This interaction of parameters and their effects on the structural response has made the task of developing
code guidelines particularly difficult. The design codes are basically trying to account for the complex
inelastic response, which is a function of many parameters, using only an effective eccentricity
measurement. Many researchers have studied the adequacy of torsional provisions or the performance of
code-designed structures [5, 7, 8, 9, 10, 14, 17, 20, 21, 22, 26, 28, 29, 34, 41, 44, 48, 54, 58, 62, 65, 69,
70, 74,75, 80, 81, 82, 83, 84, 85, 86]. The studies that have been performed to investigate the adequacy
of code provisions have used various response quantities, typically some measure of ductility demand or
maximum displacement, or some measure of torsion. Some studies attempt to correlate these quantities
for both the flexible- and stiff-side elements, and some only choose one, typically the flexible-side
element. Additionally, the accidental eccentricity provision has been the subject of much study as well

[14, 21, 22, 56], including: its effect on torsional response; whether the scaling factor should be



modified; how to account for accidental torsion; whether accidental eccentricity should be included in

research model formulations, and if so, how.

In essence, engineering is nothing more than applied science. As science is concerned with the behavior
of the world around us, principles and theories are only useful in as far as they accurately describe or
predict that behavior. Thus, it is of paramount importance to verify, through experimental tests, that what
we believe should happen actually does happen. For the purposes of testing the response of structures to
seismic loading, we need to employ some type of device to produce a cyclic response in our structure of
choice. The device can be as simple as a single hydraulic piston which cyclically loads a frame at some
point, or as complex as a triaxial shaketable which can comprehensively simulate ground motions input to
a model structure. Any type of test has some value in the results produced, but at the same time, it is
highly desirable to conduct a test that most accurately simulates the behavior of the real world. This is
particularly true when we are investigating the inelastic torsional behavior of structures under seismic

loading, which is complex and influenced by many variables.

Few shaketable tests have focused solely on the problem of inelastic torsion, although other aspects of
seismic response have been studied. Chen and Wu [13] investigated the inelastic behavior of a 1/4-scale
steel frame structure subjected to shaketable input motions. However, the main thrust of the study was
the effectiveness of the mass-tuned dampers on reducing the overall seismic response of the structure
under strong ground motions. Nader and Astaneh-Asl [59] performed shaketable tests on a one-story,
one-bay steel structure. However, the primary objective of this study was to look at the beam-column
connections, which could be changed from flexible to semi-rigid to rigid. Thewalt and Mahin [73] used
shaketable tests to help develop a pseudodynamic test method for three-dimensional testing of structures

under multiple components of base excitation.

This study aims to first and foremost begin to fill part of the void in the realm of the experimental,
shaketable investigation of the inelastic torsional response of structures. The parameters of the research
study are in great part influenced by some of the issues discussed above. Specifically, the planar
distributions of mass, strength, and stiffness are each potentially independent factors in the seismic
torsional response. Thus, this research study will utilize a model that contains any or all of the three types
of eccentricity. Additionally, any type of uniaxial test can only provide a limited picture of the total
inelastic torsional behavior; thus, this study will utilize a model with strength, stiffness, and mass
eccentricities in both planar directions and subjected to input motions in both planar directions. Until this

time, the facilities have not been present in this country to conduct complete three-dimensional



carthquake simulations on a structure. Now, this is no longer true; thanks to the recent retrofit, the Tri-
axial Earthquake and Shock Simulator (TESS) located at the Construction Engineering Research
Laboratory (CERL) in Champaign, Illinois has full triaxial motion capability. An experimental study of
this nature is a natural and necessary companion to the analytical work that has been done thus far in the
seismic behavior of structures. However, due to the complexity of inelastic torsional response and the
many factors that are influential, this study, which employs a limited sampling of representative structural

configurations, is only a first step.

1.3 EXPERIMENTAL PROGRAM

Since this is one of the first experimental studies of this kind, a simple one-story system is appropriate to

lay the groundwork for further experimental studies of more complex structures.

(A) MODEL STRUCTURE

The structure used in this study consists of a diaphragm, approximately eight feet on a side, supported by
four circular steel pipe columns, five feet in length. Eight octagonal and eight rectangular steel masses
are available to be attached to the slab in various configurations in order to provide additional dead load
and mass asymmetry. The diaphragm has various construction details which were necessary for the
assembly of the various elements into a cohesive whole. The diaphragm was designed to be used
throughout the entire sequence of tests, while the columns, having plastically deformed, were replaced
after each model configuration sequence was complete. Circular pipe columns were chosen because of
their complete plan symmetry and their reduced sensitivity to torsional buckling and, thus, greater
stability. The focus of this study is the lateral-torsional behavior of the system as a whole, not the local
behavior of the columns. Non-circular columns would only add unnecessary complexity to the analysis

of the system.

(B) TESTING PROCEDURES

Eight different model configurations are studied. The configurations consist of different combinations of
varying parameters: one-quarter asymmetric mass, one-half asymmetric mass, symmetric mass,

asymmetric and symmetric column strength, and concentric lateral bracing. The mass asymmetries are



achieved simply by placing the masses all on one-quarter or one-half of the diaphragm. In both the
asymmetrical and symmetrical cases, half of the masses were attached above and half below the
diaphragm to keep the vertical mass center reasonably near the center of the diaphragm. The strength
asymmetry in the structure is achieved by pairing two sets of columns which have similar stiffness but
different yield strengths. The stiffness asymmetry is achieved through the use of asymmetrical lateral
bracing. The inclusion of each of these different types of asymmetry will allow the scope of the results to

be more general.

The test sequence for each model configuration was essentially the same. Preliminary tests were
performed before any earthquake simulations in order to determine the natural frequencies and damping
characteristics of the structure. First, the structure was subjected to white noise base motions. Transfer
functions of the acceleration response of the structure were used to determine the natural frequencies.
Second, the structure was excited sinusoidally at its measured natural frequency. The input motion was
then discontinued, and the motion of the structure was allowed to decay to rest. Analysis of this response
using the so-called logarithmic decrement of damping was performed to determine the equivalent
viscous-damping ratio. Third, the structure was subjected to sinusoidal motions ranging in frequency
from 1-20 Hertz. The response of the structure to the sine sweep tests was used to confirm the natural
frequencies of the structure. Each of the aforementioned tests were performed once in each planar axis,

and once in the yaw-axis, for a total of nine preliminary tests for each model configuration.

Following the preliminary tests, the structure was subjected to earthquake simulations. The 230 [X] and
140 [Y] degree acceleration components from the 1979 Imperial Valley earthquake recorded at Bonds
Corner were chosen as the base earthquake motions based on the large response spectrum magnitudes
near the natural frequency of the structure. The goal in choosing the motions was to achieve a ductility in
the response of the structure in the neighborhood of four to five. To this end, the motions were modified
using a combination of scaling and filtering, and then checked in finite element simulations, in order to
produce the desired ductility while not violating the performance limits of the shaketable. This procedure

produced a set of reference ground motion accelerograms to be used on the structure.

The structure was first subjected to low-level earthquake tests. The low-level tests were performed using
first the X-Axis input motion, then the Y-Axis input motion, followed by both axes simultaneously.
Next, the structure was subjected to the full-scale accelerograms. Typically, the shaketable displacement
limits were such that the earthquake accelerograms could be scaled up by 50% in order to perform a

subsequent simulation. When possible, this was done, followed by white noise tests to analyze any



changes in the natural frequency of the structure. This general sequence of preliminary tests and

carthquake simulations was followed for each of the eight different model configurations.

1.4 SCOPE OF STUDY

Chapter 2 provides an overview of the design of the model structure, and the overall layout of all aspects
of the experimental stage of this study. The design of the model structure is described, along with the
details of each of the components used in the model. The selection of the input ground motions to be
used during the earthquake simulations are discussed, along with the modifications made to the original
ground motions to best adapt them to the features and limitations of the test apparatus and test model.

The experimental setup is presented, including the placement of the model structure on the shake table
and the instrumentation used during the simulations. The test sequence is outlined, focusing on the eight
different test configurations, and their characteristics, used during the study. The specifics of the testing
procedure are presented, including the general sequence of earthquake simulations performed for each test

configuration, and the dynamic characterization tests performed before the simulations.

Chapter 3 provides descriptions of the experimental test program and the finite element modeling
procedures. This chapter first summarizes response data of the test structure during the earthquake
simulations and the dynamic characterization tests. Summaries of test model accelerations,
displacements, torsional moments, overturning moments, column end moments, and base shears are
provided. The general methodologies used in the computation and analysis of the response quantities
mentioned above that are common to all of the test configurations are discussed in this chapter.
Regarding the analysis of the structure, a general presentation is made of the nonlinear finite element
analyses performed during this study, along with the basic model used in the analyses and any other

features common throughout the analyses of the different test configurations.

Chapters 4 — 11 provide summaries of the experimental test data for each test configuration, along with
the specific finite element modeling of each configuration. Each chapter is focused on one of the eight
test configurations, providing a detailed description of the specific physical properties and characteristics
of the model for the particular configuration, along with the resulting dynamic properties. In addition, the
specific sequence of test simulations are presented and discussed, including any simulations that were not
appropriate to present in this report. The observed response of the structure in each simulation are

presented and discussed, along with any physical observations made during the testing. Nonlinear finite
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element analyses are employed in an effort to compare the actual experimental response with analytical
response predictions. Finally, preliminary summaries and conclusions specific to each test configuration
are presented. A list of each of the test configurations, along with their general structural characteristics

and the specific chapter in which they are presented, is shown below.

Chapter Test . . Mass . .Str?ngt.h .Stif.fnes.s
Configuration Distribution Distribution Distribution
4 1 Symmetric Symmetric Symmetric
5 2 Symmetric Symmetric Symmetric
6 4 %2 Asymmetric Symmetric Symmetric
7 3 Y4 Asymmetric Symmetric Symmetric
8 8 Ya Asymmetric Symmetric Symmetric
9 5 2 Asymmetric Asymmetric Symmetric
10 6 2 Asymmetric Symmetric Asymmetric
11 7 %2 Asymmetric Asymmetric Asymmetric

Table 1.1 Test Configuration Summary

Chapters 12 and 13 provide a summary of this study, conclusions drawn from the experimental results
and corresponding analytical results along with interpretations of all of the test configurations.

Recommendations for future research and design were also given.

1.5 REPORT REFERENCES

References used in this report are listed in the List of References, which is placed after Chapter 13.
References are listed alphabetically and numbered. In the body of each chapter and appendix, reference

numbers are provided.
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CHAPTER 2
EXPERIMENTAL PROGRAM

This chapter provides an overview of the design of the model structure, the selection and
modification of the input ground motions, experimental setup and instrumentation, the sequence
of tests of the different model configurations, the earthquake simulations, the dynamic
characterization tests performed with the simulations, and data recorded. Additional details may
be found in Appendix A. Section 2.1 describes the design of the model structure, along with the
details of each of the components used in the model. Section 2.2 describes the selection of the
input ground motions to be used during the earthquake simulations. Also described are the
modifications made to the original ground motions to best adapt them to the features and
limitations of the test apparatus and test model. Section 2.3 briefly describes the experimental
setup, including the placement of the model structure on the shake table, and the instrumentation
used during the simulations. More detailed information on the instrumentation setup can be
found in Appendix A. Section 2.4 outlines the test sequence, focusing on the eight different test
configurations, and their characteristics, used during the study. Section 2.5 briefly describes the
testing procedure, including the general sequence of earthquake simulations performed for each

test configuration, and the dynamic characterization tests performed before the simulations.

2.1 DESIGN OF THE MODEL STRUCTURE

The primary purpose of this experiment was to test a general theoretical concept, not the behavior
of any one particular structure. Because it was not intended to replicate and model an actual
structure, it was possible to design the test model to match the specifications of the CERL
shaking table, to accommodate the use of existing equipment, and to best allow the observation of

the theoretical phenomena of interest.

Since this is one of the first experimental studies of this kind, a simple one-story system is

appropriate to lay the groundwork for further experimental studies of more complex structures.
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Figure 2.1 provides a perspective view of the model structure. Many of the details of the
structure have been omitted from Figure 2.1, as its purpose is only to provide a general picture of
the model. The structure consists of a very stiff diaphragm, approximately eight feet on a side,
supported by four pipe-columns five feet in length. Large steel masses are attached to the top and
bottom of the diaphragm to provide dead load and mass asymmetry. The positions of the masses
are based on the degree, if any, of mass eccentricity desired. The masses are held in place by a
number of DYWIDAG bars, which run through holes in the masses and the diaphragm; “nuts”
thread onto the top and bottom of these threaded rods to secure the masses. In this study, the
columns are expected to undergo significant damage, and they are the only part of the model
structure that is designed to undergo damage. The diaphragm is designed for use throughout the
entire sequence of tests, while the columns, having plastically deformed, will be replaced after
each model configuration sequence is complete. Circular pipe columns were chosen because of
their complete plan symmetry and their reduced sensitivity to torsional buckling and greater
stability. The focus of this study is the lateral-torsional behavior of the system as a whole, not the
local behavior of the columns; non-circular columns under biaxial bending would only add
unnecessary complexity to the analysis of the system. Two elevation views of the model
structure are shown in Figures 2.2 and 2.3, looking at the east side and south side of the model,
respectively. In these elevation views, as in the perspective view in Figure 2.1, the masses are

located on the east half of the diaphragm.

The diaphragm, as seen in a plan view in Figure 2.4, is composed of four W12x65 beams on the
perimeter, with reinforced concrete used to fill the void in the center. All structural steel in the
diaphragm has a yield strength of 50 ksi, and the concrete has a compressive strength of 4000 psi.
The center-to-center spacing of the columns is 96.5 inches, which requires two of the W12x65

beams to have a length of 108.5 inches and the other two beams to have a length of 84.5 inches.

Elevation C-C in Figure 2.4 is shown in Figure 2.5. As seen in Figure 2.5, the concrete infill is
not of constant thickness, but is predominantly 8 inches thick, with the infill becoming thicker
near the beams. The concrete is reinforced, top and bottom, by fourteen equally spaced No. 5
bars, each way. Also, 36 hollow steel tubes, with an outer diameter of 2 inches, a thickness of
7/32 inches, and a height of 8 inches, are spaced at 12-1/6 inches center-to-center in the concrete
infill, as can be seen in both Figure 2.4 and Figure 2.5. These steel tubes are the pass-through
points of the previously mentioned Dywidag bars.
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Elevation A-A in Figure 2.4 is shown in Figure 2.7. From Figures 2.7, 2.8, and 2.9, the details of
the diaphragm corners can be seen. At each corner, eight steel tubes, each with an outer diameter
of 2-1/4 inches and a thickness of % inch, are welded in place between the flanges of the W12x65
beams. Bolts will pass through a hole in the top flange, one of the steel tubes, a hole in the
bottom flange, and then a hole in the column top plate to attach the diaphragm to the columns.
The tubes support the flanges in bearing the loads from the column bolts. In addition, the details
of the steel tubes can be seen in Figures 2.5 and 2.6. Also welded in place between the flanges of
the beams are 3/8-inch stiffener plates. These plates are welded perpendicular to the webs of the
longer W12x65 beams, thereby appearing to extend the webs of the shorter beams. This provides

symmetry at the corners, as can best be seen in Figure 2.8.

Beam flange details 1 and 2 from Figure 2.4 are shown in Figures 2.10 and 2.11, respectively.
Figure 2.10 provides a view of the holes in the top flange at one of the diaphragm corners, which
are also the previously discussed pass-through points of the bolts that secure the columns to the
diaphragm. At the midpoint of each beam, large eye bolts were attached to the diaphragm to
provide lifting points for the overhead crane. Figure 2.11 shows the pass-through points for these
eye bolts. At each of these four locations, a hole was cut in the top and bottom flanges of the
beams and a steel tube was welded in place between the flanges, in a similar fashion to the

previously discussed column bolt pass-through points at the diaphragm corners.

Figures 2.12 - 2.14 show the column assemblies that are bolted to each of the four corners of the
diaphragm. Each column assembly consists of a 60 inch steel pipe with a top end plate and a
bottom end plate welded to the pipe. In total, three different types of steel pipe are used: 4-inch
extra-strong, 5-inch standard, and 4-inch double extra-strong. The exact configurations during
which each of these types is used will be discussed later in this chapter. Although three different
types of pipe are used, the cross-sectional properties are the only parameters that change. In each
case, the pipes are 60 inches in length, and have the exact same types of end plates attached to the

top and bottom.

The top and bottom end plate details are shown in Figures 2.13 and 2.14. In each case, the plates
are 2 inches thick. The pattern and spacing of the holes in the top end plate are designed to match
the pattern and spacing of the bolt holes at each corner of the diaphragm. In the same manner, the
pattern and spacing of the holes in the bottom end plate are designed to match the pattern and

spacing of the threaded bolt holes in the surface of the shake table. In each case, the overall
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dimensions of the end plates followed from the bolt hole locations. The end plates are welded to
each pipe column with a complete joint penetration weld, and reinforced with a fillet weld. In
order to remove any residual stresses in the pipe, and also to proof test the strength of the welds, a
tension test was performed on each column assembly. Each assembly was loaded through the end
plates past the average yield stress of the pipe column. For the 4” Extra-Strong columns used in
Test Configurations 1-4, the yield load was approximately 150 kips. For the 5” Standard columns
used in Test Configurations 5 and 7, the yield load was approximately 210 kips. For the 4” Extra-
Strong columns used in Test Configuration 6, the yield load was approximately 340 kips. For the
4” Double Extra-Strong columns used in Test Configurations 5 and 7, the yield load was
approximately 340 kips. Due to time constraints, the 4” Extra-Strong columns used in Test

Configuration 8 were not proof tested.

Each column assembly was secured to the diaphragm via the top end plate with eight A490 bolts,
1-1/8 inches in diameter, as seen in Figure 2.15. The bolts were passed down through a hole in
the top flange, through one of the steel tubes welded in between the flanges, through a hole in the
bottom flange, and then through the column top end plate. A nut was attached to the bolt below
the column top end plate. Each column assembly was secured to the shake table via the bottom
end plate with four bolts, 1-9/16 inches in diameter. The shake table surface has a pattern of
holes regularly spaced at 12-1/16 inches, and tapped into the surface 6 inches deep. Shake table
mounting bolts, which are 1-1/4 x 7 high-strength steel studs threaded over the entire length, are
screwed down into the appropriate shake table holes, and then pass up through one of the holes in
the column bottom end plate. A washer and nut were placed on the bolt above the column bottom

end plate. Each of the nuts was tightened with a minimum torque of approximately 600 ft*1bs.

In order to allow for different test configurations with differing degrees of mass eccentricity,
large removable steel masses were utilized on the experimental model. Two different types of
masses were used, as seen in Figures 2.16 and 2.17. The octagonal masses had been used
previously in shake table testing at CERL. Thus only the square masses were manufactured new
for this study. Eight 1500 pound masses of each type were used in each test. The diaphragm and
masses were designed such that the masses could be placed both above and below the diaphragm
in order to keep the vertical center of mass roughly at the mid-height of the diaphragm, regardless
of how the masses were arranged. The octagonal masses, having larger plan dimensions, were
located on the top of the diaphragm, and the square masses were designed to fit when attached to

the bottom of the diaphragm. The masses and their placements are shown in Figure 2.18, which
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is again Elevation C-C from Figure 2.4. Because the octagonal masses were already available to
use, their hole pattern dictated the hole pattern and spacing in the square masses and in the

diaphragm concrete infill.

Securing the masses in place on and under the diaphragm were Dywidag Threadbars. These bars
are essentially 1-1/4 inch diameter rebar, with an ultimate stress of 150 ksi. The Threadbars are
designed for prestressing, and have “a continuous rolled-in pattern of thread-like deformations”
along their entire length. Three different lengths, 50 inches, 64 inches, and 100 inches, were used
in the various test configurations, depending on the number of masses in each stack. Nine bars
were used for each stack. On each end of the Dywidag bars, a nut and a washer plate were used
to secure the bar. Before the nuts were tightened, each bar was pulled using a compact hydraulic
jack to approximately one-half of the ultimate load. The nuts were then tightened by hand, and

the bars were released from the jack, thereby leaving each bar stressed.

Test Configurations 6 and 7 utilized asymmetric concentric lateral bracing to produce a stiffness
asymmetry as shown in Figure 2.19. Test Configuration 6 featured 1-3/8” x "4 steel strap braces
on the north side, and 1-7/8 x /4" steel strap braces on the south side of the model. Test
Configuration 7 featured 1-1/4” x 4™ strap braces on the north side, and 1-3/4” x /4™ strap braces
on the south side of the structure. All braces were 65” in length. The straps were welded both to
attachment plates secured to the model structure (Figures 2.22 and 2.23) to and attachment plates
secured to the shake table surface (Figures 2.20 and 2.21). The braces were designed to provide

strength and stiffness only while in tension.

With the exception of the octagonal masses, each of the experimental test components was
fabricated by a local machine shop and delivered to the testing facility at CERL. The column
assemblies were delivered having already been proof tested, and the diaphragm was delivered as
one complete unit. Assembly of the entire structure, including securing the columns to the shake
table surface and to the diaphragm, and securing the masses to the diaphragm, was performed by

in-house personnel.
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2.2 SELECTION OF INPUT MOTIONS

The 1971 San Fernando - Pacoima Dam [Pacoima] 164- and 254-degree components and the
1979 Imperial Valley - Bonds Corner [Imperial Valley] 230- and 140-degree components were
initially chosen as the two candidates to be used throughout the testing as the input ground
motions. They were chosen on the basis of their response spectrum near the period of the model.
Other motions considered were from the Taft, Castica, Northridge, El Centro, and San Fernando
earthquakes. Also, two simulated earthquakes were considered. Both the Pacoima and Imperial
Valley motions had spectral accelerations which were relatively large in magnitude compared
with the other earthquake motions considered, and were also relatively constant in the period

range of the structure.

Both motions were altered based on simulations using Abaqus, a nonlinear finite-element analysis
program, as described below. Two criteria, after the initial selection of the Pacoima and Imperial
Valley motions, were used to determine the suitability of the input motions. First, the shake table
has displacement limits of £ 2.375 inches and + 6.0 inches in the X [ north - south ] and Y [ east -
west ] directions, respectively. Thus, the input motions must be scaled accordingly so as not to
exceed these limits. Second, it was desired that the structure reach a ductility of 4 — 5, during the
strongest tests. Thus, the input motions needed to be scaled accordingly to produce the desired
response. The first condition is a function of the maximum input record displacements, while the

second condition is primarily a function of the maximum input record accelerations.

Initially, the motions were simply scaled such that the input displacements did not exceed the
shake table displacement limits. In order to determine the model response, nonlinear finite
element simulations were performed using Abaqus. Three structure models were created. The
first had the masses symmetrically distributed on the top of the structure. The second had the
masses placed only on one-half of the structure. The third had the masses placed only on one-
quarter of the structure. These three models were representative of the three structure
configurations planned for the first four tests. The model was first analyzed using a pushover
analysis to determine the yield displacement of the structure. It was found to be approximately
%-inch. Each of the three models was then subjected to the original scaled motions. It was found
that the scaling factor required, approximately 0.4, reduced the input accelerations to such a
degree that the desired ductility in the model was not being achieved. Thus, the next option

considered was filtering the input motions.
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The input motions were first subjected to a high-pass filter at 1/3 Hz, meaning that all motion
information at frequencies greater than 1/3 Hz was retained, while all information at frequencies
below 1/3 Hz was discarded. This had the effect of reducing the maximum displacements while
not affecting the maximum accelerations. The acceleration records do lose some information in
the filtering process, but the information lost is small in magnitude, and therefore the maximum
accelerations of the record are unchanged. With regard to displacements, the opposite is true.
The larger magnitude displacements arise from the low-frequency waves. Filtering out the low-
frequency information will greatly reduce the maximum displacements in the record. Thus, a
high-pass frequency filter will reduce the maximum displacements without reducing the
maximum accelerations. This is exactly what is needed, as it will allow the filtered records to be
scaled up with respect to the unfiltered records, thereby increasing the maximum accelerations

imposed on the structure, while not exceeding the shake table displacement limits.

The input motions filtered at 1/3 Hz were then again scaled to fall within the maximum shake
table displacement limits. It was found through the Abaqus simulations that the model
displacement ductility response was approximately 3 when these motions were used. With a
larger ductility response desired, the input motions were then high-pass filtered at 1/2 Hz and
scaled according to the shake table limits. The resulting model ductility response was
approximately 4 - 5 according to the Abaqus simulations. Thus, the input motions subjected to a
high-pass filter at 1/2 Hz produced the desired ductility, and were therefore used as the initial

input motion set.

Another factor came into play which influenced the choice of the Imperial Valley records as the
primary motion. The shake table Y-Axis, which has a larger displacement capability than the X-
Axis, has a smaller acceleration capability than the X-Axis. Thus, it would be desirable to have a
set of input motions which were a good fit to these displacement capabilities. The Imperial
Valley record had a larger peak acceleration along the 230 degree axis than the 140 degree axis,
but had a larger peak displacement along the 140 degree axis. The Pacoima record had its largest

peak acceleration and displacement along the same axis.
The Imperial Valley input motions high-pass filtered at 1/2 Hz were used as the reference ground

motions in Test Configuration 1. After reviewing the model response, it was determined that the

X-Axis input motion needed to be scaled up further. Thus, the X-Axis motion was high-pass
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filtered at 1 Hz, and then scaled according to the shake table displacement limits. The Y-Axis
motion was not modified any further. Beginning with Test Configuration 2, the reference ground
motions used were Imperial Valley with frequency information less than 4 Hz filtered out in the

Y-Axis, and less than 1 Hz filtered out in the X-Axis.

The goal in choosing the motions was to achieve ductility in the response of the structure in the
neighborhood of four to five. To this end, the motions were modified using a combination of
scaling and filtering and then checked in finite element simulations using Abaqus, in order to
produce the desired ductility and not exceed the displacement limits of the shake table. This
procedure produced a set of reference ground motion accelerograms to be used on the structure.
Figures 2.24 and 2.25 show the original X-Axis and Y-Axis Imperial Valley input motions,
before any filtering was performed, and scaled according to the shake table limits. Figures 2.26
and 2.27 show the X-Axis and Y-Axis Imperial Valley input motions high-pass filtered at /2 Hz,
and scaled according to the shake table limits. These motions were used in Test Configuration 1.
Figure 2.28 shows the X-Axis Imperial Valley input motion high-pass filtered at 1 Hz, and scaled
according to the shake table limits. Beginning with Test Configuration 2, the motions shown in
Figures 2.27 and 2.28 were used as the reference ground motions. Figures 2.29 and 2.30 show
the response spectra for the original unfiltered motions and for the Test Configuration 2 ground

motions, respectively.

2.3 EXPERIMENTAL SETUP

The first step in preparing the model structure for experimental tests was to place the column
assemblies on the shake table, and secure them to the table with the shake table mounting bolts,
such that the column bottom plates experience the same motion as the shake table itself. The
diaphragm was then moved into position and secured to the tops of the columns. Next, the
masses were attached to the diaphragm in the appropriate locations. All nut-bolt assemblies were

then retightened once the entire model was setup on the shake table.

The overhead crane in the shake table bay was used to move all of the model structure
components into position. During the tests, the overhead crane remained very loosely connected
to the diaphragm to prevent the model from damaging the shake table in the event the model

structure collapsed.
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Test structure instrumentation was installed on the model structure to record absolute
accelerations of the shake table and diaphragm, absolute displacements of the shake table and
diaphragm, and strains in the columns and diagonal braces. Details of the data acquisition system
and test instrumentation are provided in Appendix A. Table A.1 lists all data acquisition channels
and in which test configuration each was used. Figures A.2 — A.10 show the locations of all

transducers.

2.4 TEST SEQUENCE

Eight different model configurations were studied as shown in Table 2.1. Perspective views of a
simplified model structure in each of the eight different configurations are shown in Figures 2.31-
2.38. The configurations consist of different combinations of varying parameters: one-quarter
asymmetric mass, one-half asymmetric mass, symmetric mass, asymmetric and symmetric
column strength, and concentric lateral bracing, which also provides stiffness asymmetry. The
inclusion of each of these different types of asymmetry will allow the scope of the results to be

more general in nature.

The one-half mass asymmetry is achieved by placing the masses in two stacks on one-half of the
diaphragm, as shown in Figure 2.34. Similarly, the one-quarter mass asymmetry is achieved by
placing the masses on one-quarter of the diaphragm in one stack, as shown in Figure 2.33. In the
case of the one-half mass asymmetric system, the center of mass moves approximately 15.3
inches from the geometric center of the diaphragm in the direction of the mass stack. In that the
span of the diaphragm, column center to column center, is 96.5 inches, the eccentricity generated
is approximately 16% of the plan dimension along one axis. In the case of the one-quarter mass
asymmetric system, the center of mass moves approximately 15.3 inches from the geometric
center along both lateral axes, creating an eccentricity of approximately 16% along both the
north-south, or X, axis and the east-west, or Y, axis. In both the mass-asymmetrical and mass-
symmetrical cases, half of the masses are attached above and half below the diaphragm to keep
the vertical mass center reasonably near the center of the diaphragm. Regardless of the mass
distribution, all 16 masses, 8 above and 8 below the diaphragm, were used for each test

configuration.
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Test Configurations 1 and 2 featured a symmetric mass distribution and four 4” Extra-Strong
columns as shown in Figures 2.31 and 2.32. In Test Configuration 1, the model structure was
subjected to full-scale earthquake input motions along the east-west [ Y] axis only. The objective
of this was to provide a simpler input and structural response, in an effort to check the behavior of
the shake table, model structure, and all instrumentation under full-scale input. Following Test
Configuration 1, all subsequent test configurations utilized full-scale input motions along both
horizontal axes. Test Configuration 3, as shown in Figure 2.33, featured a one-quarter
asymmetric mass distribution, with the masses in the northeast diaphragm corner, and four 4”
Extra-Strong columns. Test Configuration 4 featured a one-half asymmetric mass distribution,
with the masses on the east side of the diaphragm, and four 4” Extra-Strong columns as shown in

Figure 2.34.

Test Configuration 5, as shown in Figure 2.35, featured a one-half asymmetric mass distribution,
with the masses on the north side of the diaphragm. Test Configuration 5 also featured a strength
asymmetry achieved by placing two 5 Standard pipe-columns on the north side of the model
structure and two 4” Double Extra-Strong pipe-columns on the south side of the structure. The 5”
Standard pipe and 4” Double Extra-Strong pipe have similar moments of inertia, 15.2 in* and 15.3
in*, respectively, and thus have similar elastic stiffness. On the other hand, the 5” Standard pipe
has a yield moment of 363.5 kip-inches and an axial yield load of 215 kips, while the 4” Double
Extra-Strong pipe has a yield moment of 438.7 kip-inches and an axial yield load of 356.4 kips,

creating the strength asymmetry

Test Configurations 6 and 7, as shown in Figures 2.36 and 2.37, both featured a one-half
asymmetric mass distribution, with the masses on the south side of the diaphragm. Four 4” Extra-
Strong columns were used for Test Configuration 6. Test Configuration 7 features a strength
asymmetry with two 5 Standard pipe-columns on the west side and two 4” Double Extra-Strong
pipe-columns on the east side of the structure. Both test configurations also possessed a stiffness
asymmetry, achieved through the use of asymmetrical concentric lateral bracing consisting of
slender steel straps. The straps were welded both to attachment plates secured to the model
structure to and attachment plates secured to the shake table surface. Test Configuration 6
featured 1-3/8” x Y4” strap braces on the north side, and 1-7/8 x 4™ strap braces on the south side
of the model. Test Configuration 7 featured 1-1/4” x %4” strap braces on the north side, and 1-
3/4” x '4” strap braces on the south side of the structure. The braces were designed to provide

strength and stiffness only while in tension.
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Test Configuration 8, as shown in Figure 2.38, was identical to Test Configuration 3 and thus
featured a one-quarter asymmetric mass distribution, with the masses in the northeast diaphragm

corner, and four 4” Extra-Strong columns.

2.5 TESTING PROCEDURE

Prior to performing any shake table simulations using the earthquake input motions, a series of
tests were performed to characterize the model structure, including the determination of its
natural frequencies and damping characteristics. First, the structure was subjected to white noise
base motions. Transfer functions of the acceleration response of the structure were used to
determine the natural frequencies. Second, the structure was excited sinusoidally at its measured
natural frequency. The input motion was then suddenly discontinued, and the motion of the
structure was allowed to decay to rest. Analysis of this response using the so-called logarithmic
decrement of damping was performed to determine the equivalent viscous-damping ratio. Third,
the structure was subjected to sinusoidal motions ranging in frequency from 1-20 Hertz. The
response of the structure to the sine sweep tests was used to confirm the natural frequencies of the
structure. Each of the aforementioned tests were performed once in each planar axis, and once in

the yaw-axis, for a minimum total of nine preliminary tests for each model configuration.

Following the characterization tests, the structure was subjected to the earthquake simulations.
The 230 [X] and 140 [Y] degree acceleration components from the 1979 Imperial Valley
earthquake recorded at Bonds Corner, as discussed previously, were chosen as the base
earthquake motions. The structure was first subjected to low-level earthquake tests, typically
with input motions of 10-25% of the reference input record. The low-level tests were performed
using first the X-Axis input motion, then the Y-Axis input motion, followed by both axes
simultaneously. Next, the structure was subjected to the full-scale reference accelerograms. If
possible, the full-scale reference accelerograms were scaled up to the extent allowed by the shake
table displacement limits in order to perform a subsequent simulation. No vertical motions were
used as input in this study. Following each earthquake simulation, the characterization tests were
again performed to assess any changes to the properties of the model structure. Also, following
each full-scale earthquake simulation, visual inspection of the model structure was conducted.

This general sequence of preliminary characterization tests and earthquake simulations was
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followed for each of the eight different model configurations. The specific sequence of the

earthquake simulations performed on the model structure is presented in Table 2.2.
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Test Configuration Simﬁlz:ll;(l)lgl"l[?el:: No. Input Motions PGAx (g) | PGAy (g)

1 25% X-Axis 0.238 N/A

2 25% Y-Axis N/A 0.162

3 25% Biaxial 0.232 0.160

4 25% X-Axis Pacoima 0.209 N/A

1 5 25% Y-Axis Pacoima N/A 0.236
6 25% Biaxial Pacoima 0.211 0.240

7 100% Y-Axis N/A 0.678

8 200% Y-Axis N/A 1.625

9 100% Y-Axis N/A 0.682

10 150% Y-Axis N/A 1.104

11 150% Y-Axis N/A 1.123

12 25% X-Axis 0.250 N/A

13 25% Y-Axis N/A 0.168

2 14 25% Biaxial 0.248 0.170
15 100% Biaxial 1.080 0.699

16 150% Biaxial 1.582 1.141

17 150% Biaxial 1.586 1.123

18 10% X-Axis 0.102 N/A

19 10% Y-Axis N/A 0.064

20 10% Biaxial 0.098 0.061

3 21 10% Biaxial 0.096 0.062
22 10% Biaxial 0.109 0.066

23 100% Biaxial 1.299 0.797

24 150% Biaxial 1.916 1.137

25 10% X-Axis 0.105 N/A

26 10% Y-Axis N/A 0.070

4 27 10% Biaxial 0.102 0.062
28 100% Biaxial 1.115 0.711

29 150% Biaxial 1.629 1.121

30 10% X-Axis 0.102 N/A

31 10% Y-Axis N/A 0.064

5 32 10% Biaxial 0.100 0.059
33 100% Biaxial 1.084 0.664

34 100% Biaxial 1.086 0.658

35 150% Biaxial 1.637 1.045

36 10% Biaxial 0.117 0.191

37 10% X-Axis 0.119 N/A

6 38 10% Y-Axis N/A 0.189
39 100% Biaxial 0.846 1.926

40 100% X-Axis 90% Y-Axis 1.318 1.951

41 100% X-Axis 75% Y-Axis 1.367 1.582

7 42 100% X-Axis 85% Y-Axis 1.357 1.881
43 100% Biaxial 1.354 1.986

44 100% X-Axis 90% Y-Axis 1.367 1.861

] 45 100% Biaxial 1.187 0.699
46 135% Biaxial 1.559 0.990

Table 2.2 List of Earthquake Simulations Performed

25




Figure 2.1 Perspective View of Model Structure
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Figure 2.3 Elevation View of South Side of Structure
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Figure 2.6 Elevation View of Slab Detail
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Figure 2.32 Perspective View of Test Configuration Model 2
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Figure 2.34 Perspective View of Test Configuration Model 4
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Figure 2.35 Perspective View of Test Configuration Model 5
[A] 2 —5” Standard Columns and [B] 2 — 4” Double Extra-Strong Columns
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Figure 2.36 Perspective View of Test Configuration Model 6
4 — 4 Extra-Strong Columns
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Figure 2.37 Perspective View of Test Configuration Model 7
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CHAPTER 3
EXPERIMENTAL AND ANALYTICAL RESPONSE OVERVIEW

This chapter provides descriptions of the experimental test program and the finite element
modeling procedures. This chapter first summarizes response data of the test structure during the
earthquake simulations and the dynamic characterization tests. Summaries of test model
accelerations, displacements, torsional moments, overturning moments, column end moments,
and base shears are provided. A summary of the test configurations used in this study is provided
in Table 3.1. The general methodologies used in the computation and analysis of the response
quantities mentioned above that are common to all of the test configurations are discussed in this
chapter. Specific test data, observations, and finite element analyses for each of the earthquake

simulations performed for each test configuration are presented in subsequent chapters.

3.1 ACCELERATION

The acceleration motion of the diaphragm was recorded using 7 accelerometers in both the X
(north-south) and Y (east-west) directions, for a total of 14 accelerometers as shown in Figure
3.1. Diaphragm acceleration test data are reported with the sign convention of positive X-Axis

acceleration directed south and positive Y-Axis acceleration directed east.

Angular accelerations were computed by first subtracting the acceleration on one diaphragm edge
from the acceleration on the opposite edge, and next dividing by the distance between them.

Only two accelerometers were needed to compute a value for the angular acceleration. However,
the angular acceleration for the diaphragm was computed using multiple pairs of accelerometers,
in anticipation of the possibility of a bad data channel. An average value was then computed
using all of the angular acceleration records that seemed reasonable. Angular acceleration data
are reported with the sign convention of positive z-axis directed up, away from the shaketable.

By the right-hand rule convention, this corresponds to a counter-clockwise angular acceleration if

viewing the diaphragm from above.
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The acceleration motion of the shaketable was recorded using 2 accelerometers in both the X
(north-south) and Y (east-west) directions, and 4 accelerometers in the Z direction (up), for a total
of 8 accelerometers mounted on the table surface. In addition, the shaketable itself has 3 internal
accelerometers, recording motion in the X, Y, and Z directions. Shaketable acceleration test data
are reported with the sign convention of positive X-Axis acceleration directed south, and positive

Y-Axis acceleration directed east.

The rigidity of the diaphragm allows the planar motion of the diaphragm to be described by three
degrees-of-freedom. The three acceleration components needed to describe the diaphragm
motion are therefore the X-Axis and Y-Axis acceleration response histories, and the angular
acceleration response history about the Z-Axis. Table 3.2 lists the maximum recorded diaphragm
accelerations and their corresponding PGA for each of the earthquake simulations discussed in
subsequent chapters. The omission of any earthquake simulations, which were performed but are

not listed in Tables 3.2 - 3.4, will be discussed in the appropriate chapter.

3.2 DISPLACEMENT

The displacement motion of the diaphragm was recorded using 3 displacement gages in both the
X (north-south) and Y (east-west) directions, for a total of 6 displacement gages, measured with
respect to a fixed reference point, as shown in Figure 3.2. Diaphragm relative displacements
were computed by subtracting the measured diaphragm displacement from the measured
shaketable displacement. Both measurements are made with respect to a fixed reference point.
Diaphragm displacement test data are reported with the sign convention of positive X-Axis

displacement directed south, and positive Y-Axis displacement directed east.

Diaphragm rotations were computed by first subtracting the displacement on one diaphragm edge
from the displacement on the opposite edge, and then dividing by the distance between them.
Only two displacement gages were needed to compute a value for the rotation. However, the
diaphragm rotation was computed using a pair of displacement gages in the X direction and a pair
of gages in the Y direction, in anticipation of the possibility of a bad data channel. An average

value was then computed using both records if both seemed reasonable. If only one appeared
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reasonable, then it was chosen as the representative rotation record. Rotation data are reported

with the sign convention of positive Z-Axis directed up, away from the shaketable.

The displacement motion of the shaketable was recorded using three displacement gages in both
the X (north-south) and Y (east-west) directions, for a total of six displacement gages connected
to the table surface, measured with respect to a fixed reference point. In addition, the shaketable
itself has three internal displacement gages, recording motion in the X, Y, and Z directions.
Shaketable displacement test data are reported with the sign convention of positive X-Axis
displacement directed south, and positive Y-Axis displacement directed east. The three
displacement components needed to describe the diaphragm motion are the X-Axis and Y-Axis
relative displacements of the geometric diaphragm center, and the rotation about the Z-Axis.
Table 3.3 lists the maximum recorded diaphragm displacements and their corresponding PGA for

each of the earthquake simulations discussed in subsequent chapters.

3.3 SHAKETABLE MOTION CONTROL ISSUES

The issue of the motion control of the shaketable, which potentially can impact the response of
the structure during the earthquake simulations, is discussed here. As this experimental study was
the first to make use of the shaketable following the upgrade, which added the capability of
motion in the east-west lateral direction, the control of the table motion was now more complex
and not thoroughly tested. In each of the test configurations, both uniaxial and biaxial tests were
performed. It was during the uniaxial tests that a motion control problem initially became
apparent. In examining recorded data of the shaketable motion, it was discovered that in each
uniaxial simulation the motion of the shaketable in the perpendicular direction was nonzero.
Figures 3.3 — 3.7 show recorded shaketable accelerations for five simulations: EQ 2 [25% Y-
Axis, Symmetric Mass], EQ 3 [25% Biaxial, Symmetric Mass], EQ 7 [100% Y-Axis, Symmetric
Mass], EQ 15 [100% Biaxial, Symmetric Mass], and EQ 23 [100% Biaxial, ¥4 Asymmetric
Mass]. In these figures, Yaw represents rotational shaketable motion about the Z-Axis, Pitch
represents rotational shaketable motion about the X-Axis and Roll represents rotational
shaketable motion about the Y-Axis. As seen in the figures, although the recorded off-axis
motions were not large, it was still important to ascertain what effects, if any, these motions

would have on the response of the structure and also to discover the cause of these motions.
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Shown below is peak shaketable acceleration and angular acceleration values for the

aforementioned five simulations.

Earthquake Table Acceleration [g] Table Angular Acceleration [10~ g/in]
Test No. X-Axis | Y-Axis Yaw Pitch Roll
2 0.006 0.162 0.29 0.11 0.02
3 0.232 0.160 0.45 0.12 0.17
7 0.014 0.678 0.64 0.27 0.07
15 1.080 0.699 0.76 0.25 0.38
23 1.299 0.797 1.65 0.26 0.38

The initial investigation revealed that when the uniaxial tests were performed, the table control
software and hydraulics in the direction perpendicular to the motion were not turned on. This
allowed the shaketable to resonate with the response of the test structure during the simulations,
as seen in Figure 3.8, and the lack of motion control in the perpendicular direction was allowing
the table to move in the perpendicular direction. This behavior can be seen in Figures 3.3 and
3.5. It was believed that during the biaxial tests, in which both the X-Axis and Y-Axis actuators
were being driven, that no table control problem would be present. However, as seen in Figures

3.4, 3.6 and 3.7, there are Yaw, Pitch, and Roll accelerations present during biaxial simulations.

Subsequent to the completion of the tests described in this report, CERL retained engineers from
MTS Corporation to perform a system trouble-shooting visit. During this visit, several problems
that were associated with errors made during the triaxial upgrade project were found. These
problems led to several actuator interaction control conflicts that created undesired motions of the
shaketable during use, particularly with respect to Yaw rotations. Specifically, one of the X-Axis
actuators was being fed a signal 180 degrees out of phase with the actual input signal. Thus, even
during biaxial simulations, a shaketable control problem was present. MTS engineers corrected

these problems during the visit.

Subsequent to the correction of the table Yaw problems, CERL and MTS engineers determined
that some rocking (Roll and Pitch rotations) of the shaketable is likely to occur when heavy

specimens are tested on the shaketable, particularly when the specimens have high centers of
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gravity with respect to the shaketable platform. Such rocking motion is associated with the
overturning moments that result from the motions of such specimens and the inherent stiffness of
the oil columns that are associated with the system actuators. These rocking motions are evident
in both uniaxial and biaxial simulations, as seen in Figures 3.3 — 3.7. For the specimens reported
on here, it was not felt that the rocking phenomenon would have been consequential. In addition,
finite element analyses were performed which incorporated the Yaw rotational motion of the
shaketable as input ground motion in addition to the X-Axis and Y-Axis translational motion. It
was found that the Yaw motion of the shaketable resulted in no discernable effect on the

translational or rotational response of the structure.

For both the uniaxial and biaxial simulations, the interaction between the structure and the table
demonstrated a noticeable effect on the motion of the shaketable in the X and Y directions even
when the table was being actively driven in those directions. When simulations were performed
with each test configuration, a reference set of ground motions were input into the table control
system. For the first four test configurations, the exact same reference ground motions were used.
However, the actual recorded table motion was slightly different for each configuration. Figure
3.9 shows the 100% Imperial Valley simulation table acceleration time histories for the
symmetric mass configuration, 2 asymmetric mass configuration, and 4 asymmetric mass
configuration. As shown, the wave shapes of the table motions match well, but differ slightly at
the larger peaks. For the symmetric mass configuration, the peak table accelerations are 1.080g
in the X direction and 0.699g in the Y direction. For the /2 asymmetric mass configuration, the
peak table accelerations are 1.115g in the X direction and 0.711g in the Y direction. For the Y4
asymmetric mass configuration, the peak table accelerations are 1.299¢g in the X direction and
0.797g in the Y direction. Thus, it is apparent that as the degree of asymmetry increases, and thus
the degree of torsional response increases, the interaction between the structure and the table

Increases.

Although the table motions are in fact slightly different for simulations which are intended to be
the same, it is the recorded table motions that are taken in this analysis as “ground motions”, not
the set of motions input into the table control system. Another point of note is that the moniker
“100% Imperial Valley” does refer to the set of motions input into the table control system.
Thus, as seen in Figure 3.9, the ground motions for a 100% Imperial Valley simulation with a
symmetric mass configuration are not identical to the ground motions for a simulation with a %4

asymmetric mass configuration, but are still a very good indicator of the relative magnitude of the
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ground motions. Due to the effects of the interaction between the shaketable and the test
structure, it will be important to consider characteristics of the ground motions, such as the Peak
Ground Acceleration (PGA) and the Pseudo-Spectral Acceleration (PSA), when comparing
response characteristics of the structure during different simulations. This will be true even when
comparing two simulations in the same test configuration, such as when comparing 10% X-Axis

and 10% Biaxial simulations to check the linearity of the response.

3.4 BASE SHEAR AND TORSIONAL MOMENT

As discussed previously, three degrees-of-freedom are sufficient to describe the planar motion of
the diaphragm. The inertial forces of interest with respect to the structure will therefore be those
corresponding to the three degrees-of-freedom of the diaphragm, the inertial force in the X
direction, in the Y direction, and the inertial moment about the Z-Axis. These quantities are also
referred to as the base shear in the X and Y directions and the base torsional moment. These

quantities will be derived in this section as functions of recorded diaphragm acceleration data.

Because the motion of the diaphragm is referenced with respect to the geometric center of the
diaphragm, and the center of mass is not coincident with this point, the inertial forces in the X and
Y directions and the inertial moment are coupled. Thus, the inertial forces cannot be calculated
as simply the product of the diaphragm acceleration, in the respective direction, and the
diaphragm mass. Nor can the inertial moment be calculated as simply the product of the

diaphragm angular acceleration and the rotational mass moment of inertia of the diaphragm.

For this system the diaphragm positive degrees of freedom are shown below. The global degrees
of freedom are located at the geometric center of the diaphragm. In all but two of the test
configurations, the center of stiffness is also located at the geometric center of the diaphragm.
However, in the two configurations with concentric lateral bracing , there does exist a stiffness
eccentricity along with a mass eccentricity. Thus, the equations of motion are derived here for
the most general configuration in this study. In the following derivation, the stiffness of a lateral
frame is taken as & and the span of a frame is taken as a. Because each of the frames can
potentially possess a different stiffness, the frame stiffnesses will be designated as &y, ks, kg, and
kw, respectively representing the stiffness of the North frame, the South frame, the East frame,

and the West frame.
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Center of Mass —

&
’ Ue‘/l\_. .

Ux

As seen in the following illustrations, the model is subjected to a unit displacement in each degree
of freedom, with the bending stiffness of the diaphragm much greater than the bending stiffness

of each column.

UXZI:

Kxx = kw+ kg
KYX:()

T f\ Kvx T Kex = ( /2 )*(kw— kg)

A
kW KGX kE
K

Kyy = ky+ks
KXY =0

/\ Kyy Koy = (a2 )*( ks —ky)
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Ug=1:
— (a/2)*ky

Koo = (/4 )*( ky+ ke+ ky + ks)
(al2)*ky Kxo = (a/2 )*(kw—ke)
T (\ Kye l Kye = (a2 )*( ks—ky)
Koo .
l Kao (al2)*kg

(a/2)*ks ~a—

ky +kpg 0 %(kw —kg)
Thus, the stiffness matrix is K = 0 kg +ky %(ks —ky) [3.1]
2
a a a
E(kW ~kg) E(ks —ky) T(kW+kE+kS thky)

As seen below, the model is next subjected to a unit acceleration in each degree of freedom. Note
that the inertia forces that result from the unit acceleration act at the center of mass, while the unit

accelerations act at the geometric center of the model.

MXX=m

[
& ) Myx = 0
(\ I x Megx =-my
Mex r Myx
MXX

66



Uy

Il
—_

MYY

Mos ‘ Mye

Mxe

MYY=m
MXY:O
Meysz

Mg = 1, +my* + mx* =1,

Mxe=-my
Mye =mXx
where:

I, = the moment of inertia with respect to the
mass center

1,= the moment of inertia with respect to the
geometric center

m 0 -my
The resulting mass matrix is M=| 0 m  mx [3.2]
-my mx I,
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Thus, the governing equations of motion are:

(s by + kg 0 g(kW ~kg)
m 0 -my||iy 2 Uy
0 m mx |{iiy o+ 0 kg +ky, %(ks ~ky) uy
-my mx 1, ||i a a a2 Uy
—(ky —kp) (kg —ky) —(ky +kpt+hkg+ky)
L2 2 4 J
=- mii ,, (f) [3.3]

mXtl g, (1) = myti ,, (t)

Which lead to the following equations for the inertial forces and moment:

= -mlii, -6 ) [3.4]
F,= —m(iiy+7cé) [3.5]
M = (i, ~myii, +1,0 ) [3.6]

Because the model structure used in this study is one story only, the base shear of the system in
each direction is equal to the respective inertial force of the diaphragm in each direction. Also,
the inertial moment will be described here as the torsional moment. Table 3.4 lists the maximum
base shears and torsional moments and their corresponding PGA for each of the earthquake

simulations discussed in the subsequent chapters.

3.5 OVERTURNING MOMENT

Overturning moments for the structure in both the X and Y directions were calculated as the
product of the inertial forces in each direction and the distance from the table to the vertical
center of mass of the diaphragm assembly, as shown below. The vertical location of the

diaphragm assembly center of mass for each test configuration is shown in Table 3.5. What is
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here termed the overturning moment in the X direction is the product of the base shear, or inertial
force, along the X-Axis and the height of the diaphragm mass center. If the base shear is positive,
then the overturning moment is taken as positive as well. In actuality, what is referred to as an
overturning moment in the X direction is a moment about the Y-Axis, and vice versa for an

overturning moment in the Y direction.

h OTM = V*h [3.7]

3.6 CoLUMN END BENDING MOMENT AND SHEAR

The base shear in either the X direction or Y direction that was discussed above is produced by
the inertial forces, or equivalent static forces, in the diaphragm. The inertial forces are
transmitted through the columns to the base, and thus the sum of the shear forces at the base of
each column must be equal to the total base shear force. The inertial forces and moment acting
on the diaphragm not only produce shear forces in the columns, but bending moments as well.
Both the column shear forces and bending moments will be dependent on the inertial forces in
both the X and Y directions, and the inertial moment. Because forces are applied to the columns
only at the top and bottom, the shear distribution will be constant, and the bending moment
distribution will be linear along the height of each column. Thus, knowing the shear and
moments at the column ends is sufficient to describe the internal force distribution in each of the
columns. The column end bending moments and shears were computed using the inertial forces
in the X and Y directions, and the inertial moment, as described below. An inertial force in the X

direction, or a diaphragm translation in the X direction will produce a column end bending
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moment about the Y-Axis and a column end shear in the X direction. Further, a positive column
end shear is taken as that shear produced by a diaphragm translation in the positive X direction, or
south. A positive column end bending moment is taken as a bending moment about the positive
Y-Axis. This convention can also be extended to the column end moments and shears produced

by inertial forces in the Y direction and about the Z-Axis.

For the derivation of the column moments and shears, M;; = the moment about the i-Axis due to
Fj, and Vj; = the shear in the i direction due to Fj, where Fj is the inertial force in the j direction.
Also, the bending stiffness of the beam (or diaphragm) is assumed to be infinitely large compared
with the bending stiffness of the columns. Also note that although the height to the center-of-
mass of the diaphragm in the test structure and finite element model is always greater than 60
inches, in computing the column moments h = 60 inches, which is the height of each column.
The following derivation is based on the structure having no stiftness eccentricity. Thus, the
equations that result are valid for Test Configurations 1-5 and 8. Deriving the equations for the
column end moments and shears for Test Configurations 6 and 7, which have a stiffness
eccentricity due to the concentric lateral bracing, is discussed at the end of this derivation.

First, the model, with side length = a, is given an inertial force in the positive X direction:

r +Y

+Z

+X

NW a NE M M
1/2 FX r\ YX f’\ YX

T
a
Fx h h
SE S Vix S Vix
SW A A
MYX MYX
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Thus, for each column:
VXX =1/4 FX
VYX =0

MYX: 1/2 VXX*h =-1/8 Fx*h

MXX:O

Next the model is given an inertial force in the positive Y direction:

NW a
Fy
a —_—
SW

Thus, for all four columns:
Vyy=1/4 Fy

Vyir=0

Myy= 172 Vyy*h = 1/8 Fy*h
My=0

NE M M
Ey K N F T

SE

o

- Wy - Wy
A A

M XY MXY

Next the model, with side length = a, is given an inertial moment in the positive Z direction:

FZ/2a
NW -

F7
FZ/2a l {-\

SW ’
FZ/2a

NE

T FZ/2a

SE

Thus, from the diagram at left, a positive moment
in the Z direction produces positive column end
shears in the X direction and negative column end
moments about the Y-Axis for the NW and SW
columns. At the same time, a positive moment in
the Z direction produces negative column end
shears in the X direction and positive column end
moments about the Y-Axis for the NE and SE

columns. This is similarly true in the Y direction.
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Southeast [SE] Column:
Viz=-1/4F;/a [3.16]
My;=1/8 Fzhla [3.18]

Southwest [SW] Column:
Viz=1/4Fz/a [3.20]
My;=1/8 Fzhla [3.22]

Northwest [NW] Column:
Vyz=1/4Fz/a [3.24]
Myz=-1/8 Fzh/a [3.26]

Northeast [NE] Column:
Vyz=-1/4Fz/a [3.28]
My;=-1/8 Fzh/a [3.30]

VYZ: 1/4 Fz/a [317]
My;=1/8 Fz hla [3.19]
Vyz=1/4Fz/a [3.21]
My, =-1/8 Fz hla [3.23]
Vyz=-1/4 Fz/a [3.25]
My, =-1/8 Fz hla [3.27]
Vyz=-1/4 Fz/a [3.29]
My;=1/8 Fz hla [3.31]

Thus, column end bending moments and shears for each column in the most general loading case

arc:

Southeast [SE] Column:
VX: 1/4 FX -1/4 Fz/a
My=1/8 Fyvh + 1/8 Fz h/a

Southwest [SW] Column:
Vy=1/4Fx+ 1/4F;/a
MX: 1/8 Fyl’l +1/8 th/a

Northwest [NW] Column:
Vy=1/4Fx+ 1/4F;/a
MX: 1/8 Fyh -1/8 th/a

Northeast [NE] Column:
VX: 1/4 FX -1/4 Fz/a
MX: 1/8 Fyh -1/8 th/a

[3.36]
[3.38]

[3.40]
[3.42]
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Vy: 1/4 Fy+ 1/4 Fz/a
My:-l/g Fxh+ 1/8 th/a

Vy: 1/4 Fy+ 1/4 Fz/a
MY:—1/8 Fxh- 1/8 th/a

Vy: 1/4 Fy- 1/4 Fz/a
MY:—1/8 Fxh- 1/8 th/a

Vy: 1/4 FY -1/4 Fz/a
My:-l/g Fxh+ 1/8 th/a

[3.37]
[3.39]

[3.41]
[3.43]



As mentioned previously, these equations for column end moments and shears are valid for
configurations with no stiffness eccentricity. In Test Configurations 6 and 7, the structure does
possess a stiffness eccentricity in the Y direction, resulting in an additional torsional moment
equal to Fy*ey. Thus, the total torsional moment which must be distributed to the lateral frames
1S Mrorar = F7 - Fy*ey. In addition, because the stiffnesses of the North frame and South frame
are different from the East and West frames, Mrory, must be distributed to each frame according
to their relative stiffnesses. Further, it must be determined in the North frame and South frame
what proportion of the frame base shear is resisted by the diagonal bracing and what proportion
by the columns, according to their relative stiffnesses. Once the lateral forces are determined for
each frame, and the proportion resisted by the diagonal bracing is determined, the computation of

the column end moments and shears follows from the previous derivation.

3.7 DYNAMIC CHARACTERIZATIONS OF THE MODEL

Prior to performing any shaketable simulations using the earthquake input motions, a series of
tests was performed to characterize the model structure, including the determination of the modal
frequencies and damping characteristics of the structure. First, the structure was subjected to
white noise base motions over a frequency range of 1 to 50 Hertz. Transfer functions of the
acceleration response of the structure were used to determine the modal frequencies. A transfer
function is a frequency domain function, which presents the ratio of the structural response to the
input motion at each frequency. Typical transfer functions produced from the white noise tests
are shown in Figures 3.10 — 3.12, for a symmetric mass configuration, a /2 asymmetric mass
configuration, and a % asymmetric mass configuration, respectively. Each of the transfer

functions shown has been normalized to a maximum value of one.

Second, the structure was excited sinusoidally at each modal frequency determined from the
white noise tests. The input motion was then discontinued, and the motion of the structure was
allowed to decay to rest. Analysis of this response using the so-called logarithmic decrement of
damping was performed to determine the equivalent viscous damping ratio. Typical sine decay
time histories are shown in Figures 3.13 — 3.15, for a symmetric mass configuration, a %2
asymmetric mass configuration, and a % asymmetric mass configuration, respectively. The
beating that can be seen in a number of the sine decay time histories is typical of real systems

with closely spaced modes, indicating that there is not a completely pure response at a single
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frequency. In order to isolate the response due to the fundamental frequency before performing
the logarithmic decrement of damping, a band-pass filter was applied around the appropriate

modal frequency.

Third, the structure was subjected to sinusoidal motions ranging in frequency from 1 to 20 Hertz.
The response of the structure to the sine sweep tests was used to confirm the natural frequencies
of the structure. Typical sine sweep response functions are shown in Figures 3.16 — 3.18, for a
symmetric mass configuration, a 2 asymmetric mass configuration, and a %4 asymmetric mass
configuration, respectively. Each of the aforementioned tests was performed once in each planar
axis, and once in the yaw-axis, for a minimum total of nine preliminary tests for each model
configuration. In addition, white noise tests were often performed immediately after any
earthquake simulation exhibiting inelastic behavior. The purpose of these additional
characterization tests was to monitor any changes in the dynamic properties of the model as a
result of the inelastic behavior. Both the modal frequencies and damping ratios for each of the
test configurations are shown in Table 3.5. As can be seen in Table 3.5, even when the structure is
ostensibly symmetric, the measured dynamic properties in the X and Y directions may be
noticeably different. In addition to the possibility of the aforementioned table control problems
being a factor in these differences, inexactitudes of the experimental structure are possible
contributors, such as orientation of the structure on the shaketable and the mass and stiffness

symmetry.

3.8 COLUMN STRAINS

For each pipe column, as shown in Figure A.9, four gages were equally spaced about the
perimeter at each end, for a total of eight gages. In placing the four gages around the pipe
perimeter, two were lined up along the north-south axis, and two along the east-west axis, in
order to measure each of the two bending moment components in the pipe at the location of the
strain gages. Computing the column end bending moments based on strain data provides an
independent check of the column end shear and moment values found using the equivalent force
method. Strain gage data were also used to determine the degree of inelastic behavior in the

columns, which was useful in developing the material models used in the finite element analyses.
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The list of strain gages, including their designation and location, can be found in Table A.1. The
designation for each strain gage consisted of a sequence of four letters and numbers. For
example, one such designation was S/BE. The first letter, S, in the gage name designated strain.
The number, /, designated the column number, where / designates the southeast column, 2
designates the southwest column, 3 designates the northwest column, and 4 designates the
northeast column. The third character, B, designates whether the strain gage was located at the
top or the bottom of the column. The top of the column is designated by 7, while the bottom is
designated by B. The fourth character, £, designates on which side of the column the strain gage
was located. The E designated the gage was on the east side of the column, while W designated

the west side, N designated the north side, and S designated the south side.

In order to facilitate the computation of the bending moments from the strain measurements,
strain gages should be placed at locations that do not experience plastic strain. The closer the
gages are to the ends of the pipe, the larger the measured strains will be. Because the shear is
constant throughout the column, knowing the elastic moments at two locations allows for the
projection of the column-end moments. If the columns do not remain elastic at the strain gage
locations, the yield stress is dependent on the load history of the material and is difficult to find.
Yielding in the vicinity of the strain gages thus puts computing column end moments out of
reach. In the low-level tests, the measured strains were typically below yield, allowing the
computation of the column end bending moments. However, in the simulations when the

structure experienced inelastic deformations, the measured strains were often larger than yield.

The column end moments were computed using the column strains based on the following

derivation. The southeast column, Column 1, will be taken as a typical column.
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+Z (‘ Ly As discussed previously, a positive column
T N end bending moment is defined as a moment

about a positive coordinate axis.

Thus, for Column 1, a positive bending
NW [3] a NE [4] moment about the Y-Axis would produce:
SITN > SITS, and
S1BS > SIBN

Also, a positive bending moment about the
X-Axis would produce:

SITE > SITW, and

S1BW> SIBE

SW [2] SE [1]

Any strain distribution at a cross section is composed of strains due to bending moments and

strains due to axial forces. As an example, at the top of Column 1 in the X direction:

Strain due to axial load =€, =% [ SITS + SITN ] [3.48]
Strain due to bending moment = &g =2 [ SITN- SITS ] [3.49]

For elastic behavior:
Axial Force =P = A0,=AEea="% AE [ SITS + SITN ] [3.50]
Bending Moment = BM = Sog = SEeg = %2 SE [SITN - SITS | [3.51]

Where S = Section Modulus, and
E = Elastic Modulus

The bending moments computed above using strain gage data are the bending moments at a cross

section some distance b from the end of the column.
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Mg

b M For a cross section located a distance = b away
from the column end, on a column of height = h:
Me _W2-b i thus [3.52]
M. h/2
h/2
M; = Mch [3.53]
h-2b
Thus, for Column 1:
M)T(OP =LSE%[S]TN—S1TS] [3.54]
M = piisiBs-SiBN 3.55
x T oporal ] [3.55]
Mf{op =ﬁSE%[S]TE—S]TW] [3.56]
MET :hh—zbSE%[S]BW - SIBE] 3.57]

The column end moments at the top and bottom of each column in each direction should be equal,
providing a check on the computation. The column end moments of the other three columns are

computed in an analogous manner using the appropriate columns strains.

3.9 DIAPHRAGM RIGIDITY

The diaphragm in the test structure was designed to behave as a rigid body and to experience no
permanent damage. If the diaphragm did in fact behave as a rigid body, the planar motion of the
diaphragm could be completely described by three degrees-of-freedom. The three motion
components needed to describe the diaphragm motion are translation along the X-Axis and Y-
Axis, and rotation about the Z-Axis. This would simplify the presentation of response data, and
also allow the diaphragm in the finite element model to be modeled as a rigid plate. Also, in

addition to the in-plane rigidity, it is important to look at the stiffness of the diaphragm in bending
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about the X-Axis and Y-Axis. If the bending stiffness of the diaphragm is large enough
compared to the bending stiffness of the columns, then the diaphragm can be modeled as rigid in

bending in the finite element analysis as well.

If a body is rigid, then as it rotates, the angular acceleration is the same everywhere on the body.
If the body is not rigid, then the angular acceleration may depend on the location on the body.
Thus, the rigidity of the diaphragm can be verified by investigating its angular acceleration
properties. As discussed above, the angular acceleration of the diaphragm was computed by first
subtracting the acceleration on one diaphragm edge from the acceleration on the opposite edge,
and next dividing by the distance between them. Figure 3.1 shows the number and orientation of
the accelerometers placed on the test structure diaphragm. One angular acceleration computation
can be made with records from only two accelerometers. Figure 3.19 shows six angular
acceleration records each computed from an independent set of accelerometers for the earthquake
simulation EQ 29, with 150% Biaxial Imperial Valley Ground Motions and a 2 Asymmetric
Mass Distribution. This test was chosen for three reasons: first, the test used large-scale ground
motions, which produced a large angular acceleration response; second, the test featured a mass-
asymmetry which would again amplify the angular acceleration response; third, the test was
performed during Test Configuration 4, and thus the test structure diaphragm would have
potentially lost some of its rigidity during the previous earthquake simulations. With reference to
Figure 3.19, angular acceleration time history AA1X was computed with accelerometers AS5X
and AS7X; AA2X was computed with AS4X and AS8X; AA3X was computed with AS3X and
AS1X; AA1Y was computed with AS3Y and AS5Y; AA2Y was computed with AS2Y and
AS6Y; and AA3Y was computed with AS1Y and AS7Y. Also shown in Figure 3.19 is the
average angular acceleration time history computed by averaging the previous six time histories.
As shown by the six independent angular acceleration time histories, it is evident that the test

structure diaphragm is in fact behaving as a rigid body in the plane of the body.

Also of interest is the bending stiffness of the test structure diaphragm. The primary contributors
to the bending stiffness are the W12x65 beams which are located on the perimeter of the
diaphragm, and possess an Ixx = 533 in*. However, the reinforced concrete infill contributes to
the bending stiffness as well. Thus, each of the perimeter W12x65 beams acts as a composite
beam. To simplify this analysis, the rebar in the concrete infill will be ignored. Figure 3.20
shows the original composite section and the transformed section. The width of the contributing

concrete section was found to be 12.0625 inches from the center of the beam web using the 1994
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AISC LRFD Design Code Section I on Composite Beams. Adding the stiffness contribution of
the concrete, which has the properties of f'c = 4 ksi and w¢ = 145 pcf, the composite beam
possesses an Ixx = 663.11 in*. The impact of the beam bending stiffness is shown using the

following simple one-story planar frame.

Ip

For this frame, the lateral stiffness K is defined as follows:

o 24EL 12p+1

3.58
oo 12p+4 B3-53]
1
h =2 3.59
where O 4l [ ]

IfIz=0then p =0, and K= 6EI/h’, which is the limiting case for column stiffness dominating
beam stiffness. If [z = oo, then p =0, and K = 24EI/h°, which is the limiting case for the beam
being infinitely stiff, or rigid. In the case of the test structure and the composite beam discussed
above, I; = 663.11 in* and I = 9.61 in*, assuming the use of 4-Inch Extra-Strong Columns.

These values produce a 0 = 17.25, which leads to a K = 23.66EI-/h’ or K = (0.986)*24EI/h’.

Thus, the frame stiffness for this test structure is very close to the idealization of infinite beam
stiffness. The rigidity of the test structure diaphragm is therefore also very close to the rigid
idealization, and will be approximated as rigid in bending. Further checks of this assumption
using the finite element analysis indicated no change in model response by using the rigid

1dealization.
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3.10 FINITE ELEMENT MODEL

In modeling the behavior of the test structure, two Nonlinear Finite Element Analysis programs
were employed: Abaqus and Drain-3DX. Two different programs were used in order to first
provide an initial check on the reasonableness of the analysis computations, and second, to
compare and contrast the different features and limitations of each program and their potential
impact on the analysis solutions. Enough similarities exist between the two analysis programs
that they will be discussed together in this section, with any significant differences noted.
Abagqus is a very versatile commercial analysis program developed and supported by Abaqus,
Inc., formerly known as Hibbitt, Karlsson & Sorenson, Inc., while Drain-3DX is a simpler

program developed at the University of California at Berkeley.

During the earthquake simulations employing the larger scale input motions, the structural
response exhibits both geometric and material nonlinearities. Both Abaqus and Drain-3DX can
model both of these situations. Both programs feature elements of “distributed plasticity” type,
which allows the very useful ability to designate the elastic-plastic behavior for any element
through the input of stress-strain data. The element then accounts for the spread of inelastic
behavior both over the cross sections and along the member length. Thus, the locations of plastic
hinges, which are used in a “lumped plasticity” model, do not have to be found and added to the

model before running the analysis.

The finite element model employed with both Abaqus and Drain-3DX to simulate the response of
the test structure during the earthquake simulations consists of three primary parts: the columns,
the diaphragm, and the masses. Each of these parts is discussed below in more detail, and can be
seen in Figures 3.21 and 3.22. Figure 3.21 shows a typical Abaqus model, while Figure 3.22
shows a typical Drain-3DX model. The primary difference between the two basic models is that
rigid beam and rigid plate elements are used to model the diaphragm in Abaqus, while they are

not used in Drain-3DX.

(A) COLUMNS

The columns in the finite element model are composed of beam elements and extend from the

ground to the center of mass of the diaphragm assembly. As the location of the center of mass
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differs depending on the configuration of the masses, the column lengths in each finite element
model can be different, as can be seen in Table 3.6 for the Abaqus models and in Table 3.7 for the
Drain-3DX models. The total column length consists of two parts. The first part, which will be
called the Pipe Column, extends up from the ground 60 inches. The second part, which will be
called the Non-Rigid Link, extends from the top of the Pipe Column to the center of mass of the
diaphragm assembly.

The Pipe Column part of the finite element model column models the actual 60-inch columns
present in the test structure. In the test structure, the columns are the only parts of the model
which undergo plastic deformations, and thus their behavior and response is responsible for the
overall response and motion of the model. Therefore, in order to most accurately simulate the test
structure response, only the 60-inch Pipe Column part of the total column will be allowed to
undergo plastic deformations in the finite element model. Each Pipe Column is modeled with a
pipe, or hollow circular, cross-section. The Pipe Column part consists of 20 elements, and the
cross-sectional and material properties of each Pipe Column in the finite element model match the
cross-sectional and material properties of the actual columns in the respective test structure
configurations. Because each Pipe Column can potentially deform inelastically, stress-strain
material behavior past the yield point is specified for each column. The specific stress-strain

behavior model used in each test configuration is presented in the respective chapter.

The Non-Rigid Link parts of the finite element model columns connect the tops of the Pipe
Column part to the diaphragm assembly. Because the Pipe Column part is limited to 60 inches,
the presence of the Non-Rigid Link allows the diaphragm in the finite element model to be
located at the same height as the diaphragm assembly center-of-mass in each test structure. The
other benefit of the Non-Rigid Links is that the stiffness of the model can be adjusted such that
the modal frequencies of the finite element model match those of the test structure. Both the
elastic modulus and the cross-sectional properties of the Non-Rigid Links are adjusted as seen in
Tables 3.6 and 3.7. This can be achieved while keeping the finite element diaphragm at the test
structure diaphragm assembly center-of-mass height, and keeping the material properties of the
Pipe Columns matched to those of the test structure. As an example of the need for the non-rigid
links, if the diaphragm were located at a height of 60 inches, which is the top of the columns, the
modal frequencies in the X and Y directions for Test Configuration 1 would be 4.09 Hz. In
addition, if the columns were extended to the height of the center of mass of the diaphragm,

68.798 inches, the modal frequencies in the X and Y directions for Test Configuration 1 would be
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3.33 Hz. The actual measured modal frequencies of the test structure are 3.57 in the X direction
and 3.45 in the Y direction for this configuration, as shown in Table 3.5, and are not equal to
either of the theoretical frequencies calculated above. The first example, in which the diaphragm
was located at the tops of the columns, resulted in a model that was too stiff. The second
example, in which the columns were extended to the center of mass of the diaphragm, resulted in
a model that was too flexible. By giving the Non-Rigid Links a larger stiffness than the columns,
the overall stiffness of the model could be increased from the second example to match the
measured stiffness. Thus, the use of the Non-Rigid Links, while adding more complexity to the

finite-element model, allows more control in calibrating the modal frequencies.

The Non-Rigid Link is modeled using a rectangular section, which allows the stiffness of the
model in each planar direction to be different. This is again helpful, as the first modal
frequencies in each of the two planar directions were different in each test configuration. As seen
in Tables 3.6 and 3.7, the length of the Non-Rigid Link is different in the different test
configurations, depending on the mass distribution. Also, the Non-Rigid Link is restricted to
elastic behavior. In the actual test structure, inelastic deformation takes place in the pipe columns
only. Thus, it is desired to restrict any inelastic deformation in the finite-element model to the
Pipe Column part of the finite element model. Following from the restriction to elastic behavior,

one element is sufficient to accurately model each Non-Rigid Link.

(1) ABAQUS

Abaqus contains a pipe section in its cross-section library to define the cross-sectional
properties of beam elements, which was utilized here. The Abaqus pipe section, along with the
integration points, is shown in Figure 3.23. The pipe section requires the input of the outside
radius and wall thickness of the pipe. Timoshenko 2-node linear beam elements were used in
modeling the 4 columns, including both the Pipe Column and Non-Rigid Link of each column.
The Timoshenko element allows for transverse shear deformation, and is generally an accurate
model for non-slender beams. The columns used in the test structure have slenderness ratios
(length to cross-sectional dimension) of between 13.3 and 10.8. Typically, Euler-Bernoulli beam
elements, which neglect transverse shear flexibility, are used to model members with slenderness
ratios larger than 15. Thus, the Timoshenko element, which in Abaqus is formulated to be
efficient for thin members as well as thick members, is used. The 2-node linear element features

one integration point at the midpoint of each element. Modeling the pipe columns with shell
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elements was also a possibility. Preliminary analyses suggested that using shell elements
generally resulted in better predictions of rotational response, but slightly less accurate
predictions of displacement response. Two other factors influenced the choice of beam elements
to model the columns. First, Drain-3DX does not offer shell elements, and thus a comparison of
the relative accuracy of each analysis program could likely be influenced by the differences in the
elements used modeling the columns. Second, in analyses used to model actual structures beam
elements would most likely be the element chosen, which gives a better indicator of the

performance of this element.

(2) DRAIN-3DX

An inelastic fiber beam-column element (Type 15) was used in modeling the Pipe
Column part of the 4 columns in Drain-3DX. Each cross-section is either elastic or is divided
into a number of fibers, which can have nonlinear stress-strain behavior. If the elements were
nonlinear, each was divided into 5 segments, and then each segment was divided into a number of
fibers. The behavior is monitored at the center cross-section in each segment. In defining the
columns when the nonlinear fibers were utilized, the number, location and area of each fiber were
required. For these analyses, 12 fibers were used, arrayed in a circular pattern along the midline
of the pipe column cross-section, as seen in Figure 3.24. For the low-level tests, when the
elements are specified to be elastic, Drain-3DX requires the input of the cross-sectional area, both
cross-sectional moments of inertia, and the polar moment of inertia. Transverse shear
deformation is accounted for in this element. An elastic beam-column element (Type 17) was
used in modeling the Non-Rigid Link part of the 4 columns in the Drain-3DX models. The cross-
sectional area, both cross-sectional moments of inertia, and the polar moment of inertia are

required to define the element.

(B) DIAPHRAGM

The diaphragm in the test structure was designed to behave as a rigid body and to experience no
permanent damage. Therefore, although it was expected that the diaphragm could be modeled as
a rigid plate in the finite element analysis, verifying this assumption was necessary. Both the in-
plane and bending rigidity of the diaphragm in the test structure were studied, and were shown

previously in this chapter to be valid modeling assumptions. Thus, the diaphragm in the finite
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element model was designed as a rigid body as well. This was achieved by two different methods

in the two analysis programs.

(1) ABAQUS

The diaphragm in the Abaqus finite element model consists of two types of elements,
which work together to produce a rigid plate. The diaphragm surface is composed of 16 rigid 4-
node bilinear quadrilateral elements. Around the perimeter of the diaphragm are 16 rigid 2-node
beam elements. The presence of the rigid beam elements is necessitated by the lack of bending
rigidity of the quadrilateral elements about the X- and Y-Axis. The rigid quadrilateral elements
and the rigid beam elements are combined to form a rigid body, which then all share a common
rigid body reference node. The rigid body reference node is located at the geometric center of the

diaphragm.

(2) DRAIN-3DX

The diaphragm in the Drain-3DX model is composed of the same elastic beam-column
element (Type 17) used to model the Non-Rigid Links. Forty elements were used to create a grid
connecting the 25 diaphragm nodes, as seen in Figure 3.22. The elements were specified to have
a large bending stiffness and to be massless. In order to ensure that the diaphragm moved in a
rigid manner, the rotation of each diaphragm node was slaved to a reference node. This reference

node is located at the geometric center of the diaphragm.

(C) MaAss

In choosing the method of mass distribution, a number of criteria were important. First, the
vertical mass distribution of the test structure needed to be modeled correctly. In determining the
center of mass of the test structure diaphragm assembly, both the masses located above and below
the diaphragm and the column top plates were included in the computation. Thus, for purposes of
the Abaqus finite element modeling, all components of the test structure other than the 60-inch
pipe columns were lumped together and termed the diaphragm assembly. The total mass of the
test structure diaphragm assembly was distributed in the plane of the rigid diaphragm plate. The
mass and center of mass of this diaphragm assembly was computed, and the diaphragm rigid plate

in the finite element model was located at the same height as the test structure diaphragm
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assembly. The only other component of the test structure for which mass was accounted were the
60-inch pipe columns. In the Abaqus finite element model of the structure, the Pipe Columns
were given the appropriate mass density of steel, thereby modeling the true mass distribution of
the 60-inch pipe columns. With Drain-3DX, the mass must be lumped at the nodes. Thus, the
only difference with Drain-3DX is that the mass of the columns is also incorporated into the
masses placed in the diaphragm. This has the effect of placing the diaphragm at a slightly
reduced height in the Drain-3DX model as compared to the Abaqus model. In both the Abaqus
and Drain-3DX models, mass placement thus matched the true vertical mass distribution of the

test structure.

Second, the horizontal mass distribution of the test structure needed to be modeled correctly. In
determining the distribution of the diaphragm assembly total mass within the plane of the rigid
diaphragm, three test structure properties were considered: the rotational moment of inertia of the
diaphragm assembly, the mass center of the diaphragm assembly in its plane, and the total mass
of the diaphragm assembly. The rotational moment of inertia was calibrated using the torsional
modal frequency of the test structure. The method used to model these three properties was to
place nodal masses at eight nodes in the plane of the rigid diaphragm as shown in Figures 3.21
and 3.22. One mass was placed at each of the four exterior corners of the diaphragm, and one
mass was placed at each of the four interior nodes. In each test configuration, the corner masses
each had the same magnitude, while the interior masses did not necessarily have the same
magnitude. The magnitudes of each of the diaphragm masses for each test configuration are
listed in Tables 3.6 and 3.7, and are also covered in the following chapters. As a result of this
nodal mass distribution in the finite element model, 25 nodes were required to compose the rigid

diaphragm. Thus the model contained the four interior nodes plus the center node.

Since nodal masses were used to model the entire mass of the diaphragm assembly, all of the
elements in the Abaqus finite element model, with the exception of the 60-inch Pipe Columns,
were massless. In the Drain-3DX model, all elements were massless, including the columns.
Thus, the rigid plate elements and the rigid beam elements used in the rigid diaphragm, and the
linear beam elements used to model the Non-Rigid Links were all defined with a very small mass

density.
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(D) MATERIAL DEFINITION

(1) ABAQUS

The rigid quadrilateral elements and the rigid beam elements used to model the
diaphragm are massless in the finite element model, as discussed above, and as such require no
material definition. The Non-Rigid Links are massless as well, but do require other material
property definitions. The Non-Rigid Links require an elastic modulus definition, but no post-
yield stress-strain behavior definition as they are limited to elastic behavior. The elastic modulus
of the Non-Rigid Links was adjusted, as were the planar dimensions of the Links, such that the
modal frequencies of the finite element model match the measured modal frequencies of the test
structure. Thus, both the elastic modulus and planar dimensions of the Non-Rigid Links were

potentially different in each of the test configurations.

The Pipe Columns required the most detailed material definition. They are not massless, and thus
require a mass density definition. The material damping is also defined for the Pipe Columns, as
the damping here is a material property and not a modal property of the structure, as discussed
below. The most important material definition for the Pipe Columns for this study is the stress-
strain behavior of the steel. The elastic modulus of the pipe columns was defined as 29000 ksi
for all of the test configurations. Since the columns in the test structure experience significant
excursions past yield, the post-yield stress-strain behavior is very important to the test structure
response. In order to model this post-yield behavior, tension tests were performed to failure on
coupon samples taken from the columns. The stress-strain behavior of these material samples
was the basis for the finite element material models in each test configuration. Specific tension
test data of the coupons applicable to each test configuration, and the resulting finite element
material model definition, are presented in their respective chapters. Cyclic tests on the column
coupons were not performed, but as the columns in the test structure undergo a moderate number

of post-yield loading cycles, material hardening can significantly affect structural response.
Abaqus provides a number of material hardening models, but the model which is most
appropriate for this study is the nonlinear combined isotropic/kinematic hardening model. This

model is based on the work of Lemaitre and Chaboche [54].

The basic idea behind isotropic hardening is that the yield surface changes size uniformly in all

directions such that the yield stress increases or decreases in all stress directions as plastic
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straining occurs. This is illustrated schematically in Figure 3.25. The isotropic hardening
component of the material model defines the evolution of the size of the elastic range as a
function of the plastic strain. The method used to define the isotropic hardening characteristics
for this study was by defining the yield stress as a tabular function of plastic strain. The yield

stress at a given state was then interpolated from the table of data.

Isotropic hardening has been used extensively in plasticity theory, and this phenomenon has been
observed experimentally. While this model alone gives accurate results for monotonic loading, it
does not correctly model the Bauschinger effect, which is characterized by a reduced yield stress
upon post-yield load reversal. This effect could potentially be significant in the response of the
test structure as it does undergo numerous post-yield loading cycles. With kinematic hardening,
the yield surface shifts in stress space so that straining in one direction reduces the yield stress in
the opposite direction as illustrated in Figure 3.25. The different hardening models are also
illustrated in Figures 3.26 — 3.29 through cyclic load-displacement plots. The combined
isotropic/kinematic hardening model is shown in Figure 3.26, the perfect plasticity model is
shown in Figure 3.27, the isotropic hardening model is shown in Figure 3.28 and the kinematic

hardening model is shown in Figure 3.29.

The use of the kinematic hardening model along with the isotropic hardening model does take the
Bauschinger effect into consideration. The kinematic hardening component of the material model
defines the evolution of the translation of the yield surface in stress space. This is done with the
following equation, that is used to define o, the backstress. The backstress at any plastic strain is
the difference between the total stress and the yield stress as defined by the isotropic hardening

component, which is illustrated in Figure 3.30.

a=Cl(oc-a)e" -yae” [3.60]
In this equation, 0” is the size of the elastic range, €”' is the equivalent plastic strain, and C and y
are material parameters which must be calibrated from test data. In this case, test data used to
calibrate the model are stress-strain data obtained from the column coupon tests. Backstress data
are computed at each level of plastic strain as the difference between the total stress, taken from
the coupon tests, and the yield stress, as defined by isotropic hardening tabular data. Isotropic

hardening data are computed as a percentage of the total hardening. The parameters C and y are
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then determined by Abaqus based on backstress data. The isotropic hardening model in Abaqus
does allow one to account for cyclic hardening as well, through the definition of the elastic range
as a function of the number of load reversals. However, experimental cyclic material tests were
not performed and thus, no set of data are available to calibrate the model for cyclic hardening as
a function of load reversals. The cyclic hardening behavior of A36 steel under symmetric strain-
control, as studied in Reference 64, is shown in Figure 3.31. This data plot illustrates that a large
number of load reversals is necessary to significantly impact the stress-strain behavior of A36
steel. The number of plastic load reversals during each experimental simulation in this study is
not very large, approximately 10-15, thus the lack of cyclic hardening data as a function of load

cycle should not significantly impact the ability to model the experimental simulations.

(2) DRAIN-3DX

In the Drain-3DX model, the Non-Rigid Link elements and the diaphragm elements are
both linear beam-column elements. They require the cross-sectional area, both cross-sectional
moments of inertia, the polar moment of inertia, and the shear and elastic moduli to be defined.
The elastic modulus of the Non-Rigid Links was adjusted, as were the planar dimensions of the
Links, such that the modal frequencies of the finite element model match the measured modal
frequencies of the test structure. Thus, both the elastic modulus and planar dimensions of the

Non-Rigid Links were potentially different in each of the test configurations.

As with the Abaqus model, the Pipe Columns require the most detailed material definition. For
the low-level earthquake simulations, when the Pipe Column elements are defined as elastic, the
input data requirements are similar to the Non-Rigid Link and diaphragm elements. The cross-
sectional area, both cross-sectional moments of inertia, the polar moment of inertia, and the shear
and elastic moduli must be defined. The elastic modulus of the pipe columns was defined as
29000 ksi for all of the test configurations. When the nonlinear fiber elements are used to define
the columns, the material input is similar to the Abaqus material definition. Although Drain-3DX
does not feature the diverse set of material hardening models that Abaqus does, it does allow a set
of five stress-strain points to be defined. This gives Drain-3DX the ability to model isotropic
hardening, which was discussed previously. Specific tension test data of the coupons applicable
to each test configuration, and the resulting finite element material model definition, are

presented in their respective chapters.
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(E) OTHER MODELING ISSUES

Three other issues common to finite element models in each test configuration are the structural
damping of the model, the fixity of the column bases, and the input ground motions. First, with
regard to the structural damping, two limitations in Abaqus impact this study. The first limitation
is the inability to define modal damping for the model when using the direct-integration dynamic
analysis in Abaqus. Damping must be defined as a material property, and the damping definition
available is stiffness proportional Rayleigh damping. Thus, the measured damping characteristics
of the overall test structure cannot be directly defined in Abaqus. The solution used was to adjust
the stiffness proportional damping of the finite element model such that the response of the model
matched the test structure response at low ground motion input levels. The second limitation was
that since the damping was a material property, it was impossible to define a different level of
damping for the X and Y directions. Drain-3DX presented similar limitations. A viscous
damping matrix that is proportional to the element stiffnesses and nodal masses can be specified
for the structure. Although the stiffnesses are different for the X and Y directions, they are not
dissimilar enough to produce the different damping ratios needed for some configurations. As
can be seen in Table 3.5, the measured level of damping for the test structure in the X and Y
directions were often different, many times differing by a factor of two or more. Thus, it was
often necessary to choose a level of damping that split the difference, or minimized the error in
each direction. The amount of damping present in the test structure, as is typical of steel
structures, is relatively small. For the low level tests, it does have a significant impact on the
model response, but for the large-scale tests, the inherent structural damping is greatly

overshadowed by the energy dissipation due to nonlinear behavior.

In the test structure, the pipe columns were welded to the column bottom plates, which were then
bolted to the shaketable, as described in Chapter 2. This design of the test structure was meant to
produce a constraint of complete fixity at the base of each column. Thus, in the finite element

model, the bottom node of each column was completely constrained.

Two ground motions were input to the finite element model, those along the X- and the Y-Axis.
The motions used in the Abaqus analyses were the shaketable displacement records along the X-
and the Y-Axis recorded during each test. Abaqus allows the definition of non-zero

displacement, velocity, or acceleration time histories for any node. Thus, the node located at the

bottom of each of the four columns was provided with the recorded shaketable displacement
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records as displacement time histories in both the X and Y directions. The motions used in the
Drain-3DX analyses were the shaketable acceleration records along the X- and Y-Axis recorded
during each test. Drain-3DX requires acceleration records to be used as ground motion inputs if

the base nodes are completely fixed, which is the case here.

3.11 FINITE ELEMENT ANALYSES

Due to its rigidity, the planar motion of the diaphragm can be completely characterized by three
degrees-of-freedom, two translational components along the X- and Y-Axis and one rotational
component about the Z-Axis. Because of this, the relative displacement of the diaphragm along
the X- and Y-Axis and the rotation of the diaphragm about the Z-Axis were chosen as the
response quantities used to compare the accuracy of the finite element simulations. Utilizing the
respective acceleration response histories would have been a valid choice as well, but
displacements were chosen as they have a more intuitive quality than accelerations. Thus, the
relative displacements along the X- and Y-Axis and the rotation about the Z-Axis, for both the
test structure and the finite element model, are shown in the following chapters for various levels
of ground motion input as a means of comparison between the finite element analysis and the test

structure response.
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Chapter Test . . Mass . .Strt:,ngt.h .Stif.fnes.s
Configuration Distribution Distribution Distribution
4 1 Symmetric Symmetric Symmetric
5 2 Symmetric Symmetric Symmetric
6 4 %2 Asymmetric Symmetric Symmetric
7 3 Y4 Asymmetric Symmetric Symmetric
8 8 Y4 Asymmetric Symmetric Symmetric
9 5 %2 Asymmetric Asymmetric Symmetric
10 6 %2 Asymmetric Symmetric Asymmetric
11 7 2 Asymmetric Asymmetric Asymmetric

Table 3.1 Test Configuration Summary
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150% Biaxial Imperial Valley — 1/2 Asymmetric Mass
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Figure 3.24 Drain-3DX Nonlinear Fiber Locations Relative to Pipe Column Cross-Section
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CHAPTER 4
EXPERIMENTAL AND ANALYTICAL RESPONSE OF
TEST CONFIGURATION 1

This chapter provides a summary of the experimental test data and the finite element analysis
results of Test Configuration 1. The first configuration, as seen in Figure 4.1, featured the masses
loaded symmetrically on the diaphragm, and four 4” Extra-Strong Columns. The dynamic

properties of the test structure in Test Configuration 1 are shown in Table 4.1.

Eleven earthquake simulations were performed with this test configuration, with the only
difference during each simulation being the set of input ground motions. Although eleven
simulations were performed, only four will be discussed here. The earthquake simulations using
the Pacoima record as the input ground motion, EQ 04 — EQ 06, were performed to verify the
preliminary analysis to select the reference set of input motions. The eighth earthquake
simulation, EQ 08, saw a number of data channels fail, and beyond the eighth simulation the
accumulated damage was significant enough to make any data analysis difficult. Thus, EQ 01 —
EQ 03 and EQ 07 are the four earthquake simulations that will be discussed in this chapter. The
base ground motion used in this test configuration and all subsequent test configurations was the
1979 Imperial Valley record at Bonds Corner. In addition to the earthquake simulations,
characterization tests were performed to determine the dynamic properties of the model as
described in Chapter 2. The complete test sequence for Test Configuration 1 is shown in Table

4.2.

The first three earthquake simulations, EQ 01 with 25% X-Axis only [PGAx = 0.238 g], EQ 02
with 25% Y-Axis only [PGAy = 0.162 g], and EQ 03 with 25% Biaxial input motions [PGAx =
0.232 g and PGAy = 0.160 g], were intended to feature elastic behavior only. During this and all
subsequent test configurations, the earthquake simulations utilizing only the X-Axis or the Y-
Axis ground motion component may often be referred to as uniaxial simulations, while the
simulations utilizing both X-Axis and Y-Axis ground motion components may be referred to as
biaxial simulations. During the simulations, the structure slightly exceeded the yield

displacement in the X direction during EQ 01 and EQ 03. The fourth simulation, EQ 07, using
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100% Y-Axis input motions [PGAy = 0.678 g], was the initial test with significant inelastic
response for this configuration. As discussed in Chapter 3, due to the interaction between the
response of the structure and the table motion, the PGAs of the 25% earthquake simulations are
not exactly the same, and the PGAs of the 100% simulation are not exactly four times as large as
those for the 25% simulation. This was found to be true in all subsequent test configurations, to

varying degrees.

This chapter summarizes response data of the test structure during the earthquake simulations and
the dynamic characterization tests. Summaries of test model accelerations, displacements,
torsional moments, overturning moments, column end moments, and base shears are provided.
Representative data have been selected for presentation in this chapter to describe the response of

the model.

4.1 OBSERVED STRUCTURAL RESPONSE

The three acceleration components needed to describe the diaphragm motion are the X-Axis and
Y-Axis accelerations, and the angular acceleration response about the Z-Axis. The three
displacement components needed to describe the diaphragm motion are the X-Axis and Y-Axis
relative displacements, and the rotation about the Z-Axis. The inertial forces of interest with
respect to the structure will be those corresponding to the three degrees-of-freedom of the
diaphragm, the inertial forces in the X and Y directions, and the inertial moment about the Z-
Axis. As discussed in Chapter 3, the inertial forces are computed using Equations 3.4, 3.5, and
3.6. The aforementioned acceleration components, displacement components, and inertial forces
will be the primary means of describing the structural response for this and all subsequent test

configurations.

The diaphragm acceleration and displacement time history responses for the 25% X-Axis
simulation are shown in Figure 4.2. The base shear vs. displacement and torque vs. rotation are
shown in Figure 4.3. Similar responses for the 25% Y-Axis simulation are shown in Figures 4.4
and 4.5. Results for the 25% Biaxial simulation are shown in Figures 4.6 and 4.7. The responses

for the 100% Y-Axis simulation are shown in Figures 4.8 and 4.9.
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Table 4.3 lists the maximum recorded diaphragm relative displacements and their corresponding
PGA for each of the four earthquake simulations performed in this test configuration. Table 4.4
lists the maximum diaphragm accelerations and their corresponding PGA for each of the four
carthquake simulations. Table 4.5 lists the maximum base shears, torsional moments, and
overturning moments. Table 4.6 lists the maximum column end moments in the X and Y
directions for each column. Table 4.7 lists the maximum column end shears in the X and Y
directions for each column. The response data listed in Tables 4.3 — 4.7 are also presented for all

subsequent test configurations in each of the following chapters.

4.2 OBSERVED RESPONSE DISCUSSION

In order to better interpret the response data, finite element pushover analyses were performed to
determine the lateral force-deformation and torsional moment-rotation behavior of the model
structure. Figure 4.10 shows the calculated force-deformation behavior of the structure in the X
and Y directions. Because the model structure has different natural frequencies in the X and Y
directions, despite the symmetry of the structure, the stiffness and thus the force-deformation
behavior along each axis are also different. In the X direction, the model has a yield
displacement of 0.46 inches at a yield force of 21.35 kips. In the Y direction, the model has a
yield displacement of 0.49 inches at a yield force of 21.35 kips. Figure 4.11 shows the calculated
torsional moment-rotation behavior of the structure, or the force-deformation behavior about the
Z-axis. The model has a yield rotation of 0.0065 radians at a yield moment of 1457 kip*inches.
Also, elastic response spectra of the recorded table motions for EQ 01 — EQ 03 and EQ 07 are
shown in Figures 4.12 — 4.15, respectively. The modal frequencies for this configuration with

respect to the response spectra are indicated in Figures 4.12 — 4.15 as well.

The first earthquake simulation for this configuration, EQ 01, features 25% Imperial Valley input
motion in the X-Axis only [PGAx = 0.238 g]. Time history plots of the structural response are
shown in Figure 4.2. The peak displacements of the structure were 0.535 inches in the X
direction, which is slightly greater than the yield displacement of 0.46 inches, and 0.087 inches in
the Y direction, which is well below the yield displacement of 0.49 inches. The peak
displacement predicted by static analysis for EQ 01, using the elastic response spectrum, is 0.524
inches along the X-Axis, with no displacement predicted along the Y-Axis. The peak rotation of

the structure was 0.29 x 10~ radians, also well below the yield rotation of 6.5 x 10 radians. The
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static analysis predicts no rotation. Further, the displacement time histories indicate no residual
displacement or permanent deformation. Also verifying the inelastic response in the X direction
and the elastic response in the Y direction and torsionally are the peak base shears, which are
24.53 kips in the X direction, 3.45 kips in the Y direction, and 38.30 kip*inches about the vertical
axis. The peak base shear in the X direction is greater than the yield shear, 21.35 kips, while the
peak base shear in the Y direction is less than the yield shear of 21.35 kips. The peak moment is
less than the torsional yield moment of 1457 kip*inches. Figure 4.3 shows the base shear vs.
displacement plots, which are both tight and linear, apparently indicating no yielding. The
appearance of elastic response in the shear vs. displacement plot for the X-Axis, despite the
structure exceeding the yield displacement, arises from the very gradual reduction in stiffness of
the structure after initial yield. This can be seen in the force vs. deformation plot in Figure 4.10.
Also, although the input motion for EQ 01 was along the X-Axis only, Figure 4.2 shows that the
structure did have a displacement response in the Y-Axis. The oscillatory nature of the response,
combined with the fact that the modal frequency in the Y-Axis, 3.445 Hz, is so close to the modal
frequency in the X-Axis, 3.565 Hz, leads to the conclusion that the response along the Y-Axis is a
resonant vibration caused by the motion along the X-Axis. This resonant vibration is present not
only in the Y-Axis diaphragm motion but also the Y-Axis table motion, in which the latter is a
product of the table control problems discussed in Chapter 3. This phenomenon was observed
during many of the subsequent earthquake simulations. This motion is not predicted at all by the
static analysis. In EQ 01, with complete mass symmetry, a torsional effect is not expected, and it
appears from the rotation time history in Figure 4.2 that the measured rotation is predominantly a

combination of noise in the data acquisition system and a resonant vibration.

In EQ 02 the model is subjected to a 25% Y-Axis input motion [PGAy = 0.162 g]. Time history
plots of the structural response are shown in Figure 4.4. The peak displacements of the structure
were 0.377 inches in the Y direction and 0.041 inches in the X direction, which are both below
the yield displacements of 0.49 inches and 0.46 inches, respectively. The peak displacement
predicted by static analysis for EQ 02 is 0.355 inches in the Y direction, with no displacements
predicted along the X-Axis. The peak rotation of the structure was 0.40 x 107 radians, also well
below the yield rotation of 6.5 x 107 radians. The static analysis predicts no rotation. Further,
the displacement time histories indicate no permanent deformation. In EQ 02, with no
eccentricity, a torsional effect is not expected, and it appears from the rotation time history in
Figure 4.4 that the measured rotation is predominantly a resonant vibration response. Also, the

displacement time history along the X-Axis in Figure 4.4 seems to indicate that the measured X-

132



Axis displacement is a resonant vibration response, as seen along the Y-Axis in EQ 01 and
discussed above. Both the torsional and X-Axis motion appear to be products of the shaketable
motion control problem discussed in Chapter 3. Although ground motion was input to the
shaketable in the Y direction only, there is a small but nonzero table motion in the X-Axis. An
FFT of the X-Axis table motion indicated that the table is vibrating at the Y-Axis modal
frequency of the structure. An FFT analysis also indicated that the small but nonzero torsional
motion of the shaketable is also a vibration at the Y-Axis modal frequency. The aforementioned
X-Axis and torsional motion of the diaphragm are also predominantly vibratory at the same
frequency as the X-Axis and torsional table motions. This general phenomenon was seen to be
present throughout the study. Inexactitudes of the experimental structure are also possible
contributors to this motion, such as orientation of the structure on the shaketable and the mass and
stiffness symmetry. The peak base shears and peak torsional moment are 17.18 kips in the Y
direction, 1.97 kips in the X direction, and 39.93 kip*inches about the vertical axis. The peak
base shears are less than the yield shears, 21.35 kips in the Y and X directions, and the peak
moment is less than the torsional yield moment, 1457 kip*inches. Figure 4.5 shows the base

shear vs. displacement plots and torsional moment vs. rotation plot, which are tight and linear.

The third earthquake simulation for this configuration, EQ 03, features 25% Imperial Valley input
motion along both the X-Axis and Y-Axis [PGAx = 0.232 g and PGAy = 0.160 g]. Time history
plots of the structural response are shown in Figure 4.6. The peak displacements of the structure
were 0.488 inches in the X direction, which is slightly greater than the yield displacement of 0.46
inches, and 0.414 inches in the Y direction, which is slightly less than the yield displacement of
0.49 inches. The peak displacements predicted by static analysis for EQ 27 are 0.485 inches
along the X-Axis and 0.404 inches along the Y-Axis. The peak rotation of the structure was 0.79
x 107 radians, well below the yield rotation of 6.5 x 10~ radians. No rotation is predicted by
static analysis. Thus, the displacements and rotation indicate that the structural response for this
simulation remained elastic torsionally and along the Y-Axis, but was slightly inelastic along the
X-Axis. Further, although the structure exceeded the yield displacement along the X-Axis, the
displacement time histories indicate no residual displacement or permanent deformation. As in
EQ 01, this can be attributed to the very gradual decrease in the stiftness of the structure after
initial yield, as seen in Figure 4.10. Bearing this out are the base shear vs. displacement plots and
torsional moment vs. rotation plot in Figure 4.7, which are all tight and linear. The peak base
shears are 22.54 kips in the X direction, 17.75 kips in the Y direction, and 59.26 kip*inches about

the vertical axis. The peak base shear in the X direction is greater than the yield shear, 21.35
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kips, while the peak base shear in the Y direction is slightly less than the yield shear. The peak

moment is less than the torsional yield moment.

In EQ 07, the initial inelastic test in this configuration, the model structure is subjected to 100%
Imperial Valley input motion along the Y-Axis [PGAy = 0.678 g]. Time history plots of the
structural response are shown in Figure 4.8. The peak displacements were 1.216 inches in the Y
direction and 0.054 inches in the X direction. The peak rotation of the structure was 0.85 x 107
radians. Thus, the displacements and rotation indicate that the structural response for this
simulation was inelastic in the Y direction and elastic in the X direction and torsionally, as
expected. Although the structure was ostensibly symmetric, and was subjected to ground motion
in the Y direction only, the structure did respond noticeably in the X direction and torsionally. As
this simulation was basically a scaled-up version of EQ 02, the response observed here is caused
by the same phenomenon explained previously for EQ 02. The only difference between EQ 02
and EQ 07 is that the X-Axis and torsional response are significantly larger for EQ 07, which
follows from the fact that the Y-Axis ground motion is also significantly larger. The peak base
shears are 34.04 kips in the Y direction, 2.32 kips in the X direction, and 99.30 kip*inches about
the vertical axis. The peak base shear in the Y direction is greater than the yield shear, 21.35
kips. The base shear in the Y direction demonstrates the overstrength of the structure, as the peak
shear is nearly twice the yield shear. Figure 4.9 shows the base shear vs. displacement plots and
torsional moment vs. rotation plot. The Y-Axis shear vs. displacement plot is no longer tight and
linear, but now is beginning to take on a fuller shape, indicating inelastic behavior. Both the X-
Axis shear vs. displacement and the moment vs. rotation are tight and linear. Despite the onset of
inelastic behavior in the Y direction, no residual displacement is present following EQ 07, as seen

in Figure 4.8.

The acceleration response of the diaphragm divided by the peak ground acceleration (PGA) is
shown in Table 4.4 as the normalized acceleration. In EQ 02, with 25% Y-Axis input motions,
the normalized acceleration response of the diaphragm is 2.93 in the Y direction. The input
ground motion is increased by approximately a factor of 4 in EQ 07, but the acceleration response
of the diaphragm only increases by about 2 in the Y direction. This is illustrated in the
normalized acceleration response of the diaphragm, which has decreased to 1.39 in the Y
direction. This trend verifies the expected inelastic behavior of the structure in EQ 07. Because
the base shears are roughly proportional to the diaphragm accelerations, the same trends can be

observed by comparing the peak base shears to the peak ground accelerations.

134



The displacement response of the diaphragm divided by, or normalized by, the peak ground
acceleration (PGA) is shown in Table 4.3. In EQ 02, with a 25% Y-Axis input motion, the
relative displacement of the diaphragm is 2.33 in/g in the Y direction. The input ground motions
are increased to 100% Biaxial in EQ 07, but the normalized displacement decreases slightly in the
Y direction to 1.79 in/g. Although it is expected that the period of the structure will increase
during inelastic response, the elastic deformation response spectra for EQ 07, as shown in Figure
4.14, indicates that the deformation response may increase or decrease as the period increases
from the natural period of about 0.29 seconds. In this case, the normalized deformation response
decreases as the period of the structure increases in moving to inelastic behavior, from EQ 02 to
EQ 07. Although not predictable, this behavior is not inconsistent with the deformation response

spectra for this configuration.

Due to the fact that the base shears are directly proportional to the diaphragm accelerations, and
the torsional moment is directly proportional to the diaphragm angular acceleration, it is not
surprising that the same trends observed through the base shears and torsional moment responses
can be observed through the acceleration and angular acceleration as well. Following this trend,
the overturning moments are directly proportional to the base shears. Also, the column end
shears and moments are computed from only the base shears and the torsional moment. Thus, the
same trends observed through the acceleration and angular acceleration responses are present in
the base shear, torsional moment, overturning moment, column end shear, and column end

moment responses.

4.3 DYNAMIC CHARACTERIZATIONS OF THE MODEL

Prior to performing any shaketable simulations using the earthquake input motions, white noise,
sine sweep, and sine decay tests were performed, as discussed in Chapter 3. This general pattern
was followed for Test Configuration 1, as can be seen in Table 4.1. As discussed previously, due
to the rigidity of the diaphragm, the diaphragm motion can be represented completely with only
three degrees-of-freedom. Because of this, and the fact that the test structure is single-story
structure, three modal frequencies, corresponding to the first mode in each of the three degrees-
of-freedom, dominate the structural response. Also, the damping ratio of the test structure for all

three degrees-of-freedom is near or below one percent, which is consistent with the damping
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ratios of the first three test configurations. This is not surprising, as elastic steel structures
inherently possess low damping characteristics, unless some external damping device is added,

which was not the case here.

4.4 OBSERVED CONDITION OF THE STRUCTURE

Following each of the major earthquake simulations, the model structure was physically
inspected. Typically photographs were taken as well, predominantly after the final earthquake
simulation of the test configuration. Historically, the most problematic location on the model was
column-to-bottom plate welded joint on each column. These areas were inspected carefully in
order to document any fracture in the weld or in the base material. For Test Configuration 1,
fracture occurred during EQ 11. The northeast column fractured near its base, and the southeast

column baseplate weld failed.

In observing the structure condition after EQ 07, the formation of plastic hinges near the tops and
bottoms of the columns was becoming discernable. Following the completion of EQ 08,
permanent plastic damage in the columns was evident, with the locations of the plastic hinges in
the columns becoming very clear. The deformed shape of the columns was consistent with what
would be expected for a column loaded with equal and opposite end moments and shear forces.
This could also be seen through the final resting displacement of the diaphragm, being
permanently offset from the original location, and with respect to the ground. Figures 4.16 and
4.17 are photographs of the test structure taken before the earthquake simulations were
performed. Figures 4.18 and 4.19 are photographs of the test structure taken after one of the
inelastic simulations, illustrating the inelastic behavior and permanent damage of the structure.
Figure 4.20 shows the formation of plastic hinges near the top and bottom of the northeast
column. Figure 4.21 shows the column fracture at the bottom of the northeast column after EQ

11.

4.5 FINITE ELEMENT ANALYSIS

In modeling the behavior of the test structure, the nonlinear finite element analysis programs

Abaqus and Drain-3DX were employed. During the earthquake simulations employing the larger
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scale input motions, the structural response exhibits both geometric and material nonlinearities,
both of which Abaqus and Drain-3DX can model. Both programs feature elements of
“distributed plasticity” type, which allows the very useful ability to designate the elastic-plastic
behavior for any element through the input of stress-strain data. Thus, the locations of plastic
hinges do not have to be found and added to the model before running the analysis. A more
complete discussion of the applicable features of Abaqus and Drain-3DX is presented in Chapter
3. Also, some aspects of the finite element model, such as the modeling of the diaphragm as a
rigid component, are common throughout each test configuration, and are discussed more

completely in Chapter 3.

(A) PIPE COLUMN MATERIAL MODEL

The pipe columns used in Test Configuration 1, as well as those used in Test Configurations 2-4,
were produced from the same batch of raw pipe column lengths. As a result of this four coupons
were taken from the overall batch of pipe columns used in Test Configurations 1-4. The material
models of the pipe columns in these four test configurations were based on the stress-strain data
produced during the tension tests performed on each coupon. The material model was
determined by first analyzing the elastic part, verifying the elastic modulus of the material to be
roughly 29000 ksi, the typical value for structural steel. Second, the inelastic part was analyzed,
resulting in a best-fit stress-strain model. Both the original stress-strain data recorded during the
coupon tension tests, and the best-fit material model used in the finite element analyses are shown
in Figure 4.22 for Abaqus and in Figure 4.23 for Drain-3DX. Shown in Table 4.8 are the
numerical stress-strain best-fit model data for the Abaqus models. Abaqus allows the stress-strain
properties to be defined for a material by specifying the elastic modulus, E, and by specifying
data sets of a stress value and a plastic strain value. Shown in Table 4.9 are the stress-strain best-
fit model data for the Drain-3DX models. Drain-3DX allows the stress-strain properties to be
defined by specifying the elastic modulus and by specifying five data sets of a stress value and a

strain value.
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(B) FINITE ELEMENT MODEL

The Abaqus and Drain-3DX finite element models employed to analyze the behavior of Test
Configuration 1 are shown in Figures 4.24 and 4.25, respectively. Beyond the features of the
finite element model, which are common throughout each test configuration and are discussed in
Chapter 3, Figure 4.24 illustrates the location and magnitudes of the nodal masses and the height
of the Non-Rigid Links for the Abaqus model. The nodal masses placed at each of the four
corners of the diaphragm each have a magnitude of 2.800 Ib*s*/in. The interior nodal masses
each have a magnitude of 20.411 Ib*s*/in. The height of the finite element model diaphragm in
this test configuration is 69.123 inches, which thus produces a length of 9.123 inches for each of
the four Non-Rigid Links. Figure 4.25 illustrates the location and magnitudes of the nodal
masses and the height of the Non-Rigid Links for the Drain-3DX model. The nodal masses
placed at the four diaphragm corners have magnitudes of 2.994 Ib*s*/in. The interior nodal
masses each have a magnitude of 20.411 1b*s%/in. The height of the finite element model

diaphragm is 68.798 inches, which results in a length of 8.798 inches for the Non-Rigid Links.

(C) OBSERVED RESPONSE

The relative displacement of the diaphragm along the X- and Y-Axis and the rotation of the
diaphragm about the Z-Axis were chosen as the response quantities used to compare the accuracy
of the finite element simulations. Utilizing the acceleration response histories would have been a
valid choice as well; however, displacements were chosen as they have a more intuitive quality

than accelerations and the damage in a building is better correlated to relative displacements.

Displacement histories for both Abaqus and Drain-3DX analyses along the X- and Y-Axis, where
appropriate, are provided for the 25% X-Axis simulation [PGAx = 0.238 g] in Figures 4.26 and
4.27, are provided for the 25% Y-Axis simulation [PGAy = 0.162 g] in Figures 4.28 and 4.29, for
the 25% Biaxial simulation [PGAx = 0.232 g and PGAy = 0.160 g] in Figures 4.30 and 4.31, and
for the 100% Y-Axis simulation [PGAy = 0.678 g] in Figures 4.32 — 4.36. The 100% Y-Axis
Abaqus simulation was performed using four different post-yield material models: perfect
plasticity, isotropic hardening, kinematic hardening, and combined isotropic/kinematic hardening.
Table 4.10 lists the maximum peak relative displacements in the X and Y directions and the peak

rotation, and the corresponding PGAs, for the four earthquake simulations listed above.
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(D) OBSERVED RESPONSE DISCUSSION

In Figures 4.26 — 4.31, the displacement response histories for the uniaxial and biaxial 25%
simulations can be seen for both the test structure and the finite element model. The frequency
contents of the response histories in both the Abaqus and Drain-3DX simulations match the test
data very well. Also, as seen in Table 4.10, the maximum relative displacements in both
directions of the finite element analysis match the test data fairly well, agreeing to within 5% in
the X direction and within 15% in the Y direction for the Abaqus simulations. The Drain-3DX
simulations do not match quite as well as the Abaqus simulations, but are still very close,
agreeing to within 11% in the X direction and within 13% in the Y direction. More importantly,
the peak displacements appear to occur in the same time region for both the finite element models
and the test structure. In visually inspecting the response plots, it is apparent that the damping
characteristics of both the Abaqus and Drain-3DX models do not match as well with the test
structure as does the frequency content. In computing the damping ratios of the test structure
using the sine decay tests, the test structure was found to have a damping ratio 0.50% in the X
direction and 1.07% in the Y direction. Thus, although both damping ratios are very small, the
damping in the Y direction is twice that in the X direction. In developing the finite element
model, Abaqus requires damping to be specified as a material property. Thus, if damping is
specified for the column material, the columns possess that damping characteristic throughout,
irrespective of the direction of motion. Therefore, Abaqus does not allow the modeling of
different damping ratios along the X direction and the Y direction. Drain-3DX also presents
limitations on the ability to define damping. A viscous damping matrix that is proportional to the
element stiffnesses and nodal masses can be specified for the structure in Drain-3DX. Although
the stiffnesses are different for the X and Y directions, they are not dissimilar enough to produce
the different damping ratios needed for some configurations. Because it was impossible to
correctly model the actual damping ratios in the X and Y directions, a compromise was found.
This resulted in a damping ratio in the X direction that was larger in the finite element models
than in the test structure, and a damping ratio in the Y direction that was smaller in both models
than in the test structure. The plots in Figure 4.26 of the displacement response histories clearly
illustrate this modeling problem. In the X direction, the displacement response in the Abaqus
model is damped to a slightly larger degree than the test structure displacement response. In the
Y direction plots, the displacement response in the Abaqus model is damped to a smaller degree
than the test structure displacement response. The same observations can be made in the Drain-

3DX plots in Figures 4.27 and 4.29.
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In Figure 4.32, the displacement response history for the Y-Axis 100% Abaqus simulation can be
seen for both the test structure and the finite element model, using a combined
isotropic/kinematic hardening model. This simulation is largely inelastic, achieving a peak
displacement of nearly 3 times the yield displacement. The structural responses during the
Abaqus simulation match the test data very well, both in frequency content and the magnitudes
and locations of the maximum displacements. As seen in Table 4.10, the peak displacements
differ by less than 2%. In Figure 4.33, the response for the Y-Axis 100% Drain-3DX simulation
can be seen also. The hardening mechanism for the Drain-3DX model is limited to isotropic
hardening. Despite this, the Drain-3DX simulation responses match the test data very well. As
seen in Table 4.10, the peak displacements differ by about 4%. Although the Y-Axis response
appeared to be underdamped in the 25% simulations, it does not appear to be underdamped for
the 100% simulation. The damping modeling problem becomes a non-issue for the inelastic
cases, as the damping behavior caused by yielding of the structure overwhelms any inherent
elastic damping in the structure. It appears that using Drain-3DX and its less sophisticated
hardening model does not noticeably impact the analysis results for the uniaxial simulations. The
primary benefit to using Drain-3DX is that with a simpler model, the analysis is completed in a
shorter period of time. For this simulation, the Drain-3DX analysis was roughly five times faster

than the Abaqus analysis.

The Abaqus simulation shown in Figure 4.32 utilizes a combined nonlinear isotropic/kinematic
hardening model, as described in Chapter 3. For the hardening model for this simulation, it was
assumed that the isotropic part of the hardening would compose 30% of the total hardening. This
figure was chosen through calibration to the response of the symmetric models studied in this and
the following chapter. During this calibration, it was determined that the ratio of isotropic
hardening to kinematic hardening can have a significant impact on the response characteristics of
the model. The lack of cyclic tests on steel specimens from the test structure columns makes it
difficult to evaluate how accurate the assumed hardening model is, although it was based on other

material studies of A36 steel, as discussed in Chapter 3.

Figures 4.34 — 4.36 show the same simulation, EQ 07, performed with three other post-yield
material models. The post-yield behavior in Figure 4.34 was perfect plasticity, while the
simulation in Figure 4.35 utilized isotropic hardening only and the simulation in Figure 4.36

utilized kinematic hardening only. This allows the investigation of the importance of a material
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hardening model in accurately predicting structural response. As seen in these figures, although
the combined hardening model predicts the closest response to the true deformation, each of the
other post-yield models is fairly accurate as well. As can be seen in Appendix C, the peak
recorded column strains for EQ 07 were about 0.0018 in/in, while the yield strain for the column
steel was about 0.0011 in/in, as seen in Figure 4.22. Because the strain gages were placed 10
inches from the column ends for this configuration, the actual peak strains in the columns most
likely exceeded the strains measured by the strain gages. However, it is still apparent that the
columns strains did not extend significantly into the inelastic region. This, combined with the
simulation being uniaxial, contributed significantly to the result that all four post-yield models

were fairly accurate in predicting the structural response.

4.6 SUMMARY AND CONCLUSIONS

Two of the primary parameters in the seismic design of structures are the Strength Reduction
Factor, or the Response Modification Coefficient R as termed in the 2000 NEHRP Recommended
Provisions for Seismic Regulations, and the Ductility Factor (4, or the Deflection Amplification
Factor C, in the 2000 NEHRP Seismic Provisions. Structures are generally designed to respond
inelastically to strong-motion earthquake shaking. However, the most common methods used for
inelastic design, the Equivalent Lateral Force Procedure and the Modal Response Spectrum
Analysis Procedure, are based on elastic analysis. Design base shears are reduced by the Strength
Reduction Factor from the minimum strength required for the structure to remain linearly elastic
during the design earthquake. The reduced base shear is then used in one of the aforementioned
elastic analysis methods to determine the resulting deformation, which is then scaled up
accordingly by the Ductility Demand to account for the effects on the deformation of the inelastic
behavior. The Strength Reduction Factor and the Ductility Factor are coefficients that are chosen
independently of any torsional irregularities or plan asymmetries, and are also independent of the

presence of uniaxial or biaxial design ground motions and their magnitudes.

As the structure used in this study has not been explicitly classified according to its Basic
Seismic-Force-Resisting System, it is not of interest to evaluate here any particular value for the
Strength Reduction Factor or the Ductility Factor. Rather, it is of interest to study the ratio (/R
and whether it is influenced by different ground motions and plan asymmetries. The ratio (/R is

influenced by the fundamental period of the structure, generally decreasing with increasing
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period. Although the periods of the test structure are not identical from configuration to
configuration, they do not change enough to significantly impact the ratio. The aforementioned
ratio, /R, is also equal to u,/u., or the ratio of the actual peak displacement in an elastoplastic

system to the peak displacement in the corresponding linear system.

A

v, Corresponding linear system

Elastoplastic system

With respect to the diagram above, R and 1/ would be defined as

V u
R:_e and =_m
V H

y uy

where V, is the peak value of the base shear in the corresponding linear system. But, knowing
that
Ve, =ku, and V, =ku,

where k is the lateral stiffness of the system, we can also define R as

V, ki
R =-—% :—ue = “e
V, ku, u,

For instance, the actual peak displacement would be the peak recorded displacement in EQ 07,

the first inelastic simulation in this configuration. The peak displacement in the corresponding
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linear system would be found by subjecting a structure to the EQ 07 ground motion, while
requiring it to respond elastically. As this is impractical, the peak displacement in the
corresponding linear system can instead be computed using the peak displacement in low-level,
clastic earthquake simulation. In this case, the low-level simulation that would correspond to EQ
07 would be EQ 02, the 25% Y-Axis Imperial Valley simulation. The aforementioned peak
displacement in the corresponding linear system, u,, can be computed as

_ PGAgy,,

u,= UEpo2

PGAgy,

where 4. - £p 02 18 the peak displacement in EQ 02. Incorporating this definition of u, allows the

/R ratio to be defined as

MU _u, u, um/PGAEQM

PGAEQ07 u umax—EQ()Z/PGAEQ()Z
EQ02
PGAEQOZ

Because u,, is the peak displacement in EQ 07, Of 4y — 0 07, the (/R ratio can be written as

M _ um/PGAEQ(W _ umax—EQ07/PGAEQ07 _ Normalized Displacement — EQ Q7
R tyur00/PGArpoy  Upax-pp02/ PGArggy ~ Normalized Displacement — EQ 02

Thus, the (/R ratio can be computed as the ratio of the normalized peak displacement from EQ
07, the inelastic simulation, to the normalized peak displacement from EQ 02, the low-level
simulation. The resulting ratio will be referred to as the Modified (/R Ratio. The Modified [/R
Ratio for EQ 07 is 0.77. Since there is only one inelastic simulation in this configuration, the
Modified (/R Ratio for EQ 07 will be compared with other Modified (/R Ratios in the following

chapter.

As mentioned previously, this structure has not been classified according to its seismic force
resisting system, thus there is no specific target value for the Modified (/R Ratio. The 2000
NEHRP Seismic Provisions does provide an upper and lower bound, however, for the Modified
/R Ratio. The Modified (/R Ratio is 0.86 for an Ordinary Moment Resisting Frame and is equal
to 0.69 for a Special Moment Resisting Frame. Thus, with a Ratio of 0.77, the test structure falls
within the expected bounds. One factor to consider when interpreting the (/R Ratio for EQ 07
with respect to those specified in the Seismic Provisions is that pipe columns were used in this
test structure, not the wide-flange shapes typically found in earthquake-resistant buildings. The

pipe columns possess a shape factor of about 1.37, as compared to the typical shape factor for
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wide-flange shapes of about 1.1. The effect of the larger shape factor is that the pipe columns
possess a greater amount of reserve strength after initial yield, which also reduces the rate of
stiffness degradation after yield. This would imply that the peak displacements observed during
EQ 07, and consequently the t/R Ratio, would be smaller than those expected for a structure with
wide-flange shape columns. As the ductility factor increases, and hence the amount of inelastic

behavior increases, the discrepancy in response due to the column shape factor increases.

The time history analyses performed for this configuration using the finite element programs
Drain-3DX and Abaqus were accurate in their predictions of the structural response. With
respect to the low-level linear simulations, both Drain-3DX and Abaqus predicted a peak
displacement for one simulation that was slightly more than 10% different from the test data.
However, each of the remaining low-level analytical simulations matched the test data very well.
Both analysis programs were very accurate with regard to simulating the lone inelastic test. Also,
each of the Abaqus simulations performed with different strain-hardening material models were
equally accurate in matching the test data. Thus, it appears that for this uniaxial inelastic
simulation, the Abaqus analysis offers no advantages over the Drain-3DX analysis to offset its
significantly longer computational time. Also, it appears that the simple elastic-perfectly plastic
material model is sufficient to accurately model the inelastic response of EQ 07, with a
displacement ductility of about 2.5. However, if this configuration were subjected to a larger
ground motion, resulting in a larger displacement ductility and a greater degree of inelastic
behavior, it is possible that the material model and analysis program would be more significant in

accurately modeling the experimental response.
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Mass Mass Centers [in] Column Properties
[Ib*s¥/in]
) Y, Zo A [in’] I [in?]
93.618 0.0 0.0 68.798 4.41 9.61
Modal Frequencies [Hz] Modal Damping [%)]
X Y 0 X Y 0
Before EQ 01 3.565 | 3.445 | 6.515 | 0.497 1.074 | 0.491

Table 4.1 Test Structure Dynamic Properties - Test Configuration 1

145




Test Designation | Input Motions

WNTI1 White Noise X-Axis

WNT2 White Noise Y-Axis

WNT3 White Noise Yaw-Axis
SIN1 Sine Decay X-Axis
SIN2 Sine Decay Y-Axis
SIN3 Sine Decay Yaw-Axis

EQO1 25% X-Axis Imperial Valley
EQO02 25% Y-Axis Imperial Valley
EQO03 25% Biaxial Imperial Valley
EQO04 25% X-Axis Pacoima

EQO05 25% Y-Axis Pacoima

EQO06 25% Biaxial Pacoima

SWPI10 Sine Sweep X-Axis

SWPI11 Sine Sweep Y-Axis

SWP12 Sine Sweep Yaw-Axis

EQO07 100% Y-Axis Imperial Valley
EQO08 200% Y-Axis Imperial Valley
EQ09 100% Y-Axis Imperial Valley
EQ10 150% Y-Axis Imperial Valley
EQ11 150% Y-Axis Imperial Valley

Table 4.2 Earthquake Simulations and Dynamic Characterization Tests - Test Configuration 1
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E [ksi] = 29000.0

Stress [ksi] Strain [in/in] Plastic Strain [in/in]

0.00000 0.00000

37.50000 0.00108 0.000000
39.60000 0.00300 0.001863
40.70000 0.00500 0.003831
49.00000 0.02000 0.018593
54.00000 0.04000 0.038449
56.50000 0.06000 0.058378
57.80000 0.08000 0.078340
58.50000 0.10000 0.098320
59.00000 0.15000 0.148306
57.00000 0.20000 0.198363

Table 4.8 Abaqus Stress-Strain Best-Fit Material Model - Test Configuration 1

E [ksi] = 29000.0

Stress [ksi] Strain [in/in]
0.00000 0.00000
37.50000 0.001293
39.60000 0.003000
49.00000 0.020000
56.50000 0.060000
58.50000 0.100000

Table 4.9 Drain-3DX Stress-Strain Best-Fit Material Model - Test Configuration 1
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Figure 4.1 Perspective View of Test Configuration Model 1

4 — 4” Extra-Strong Columns
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Figure 4.11 Torsional Moment-Rotation Response — Test Configuration 1

164



1.5
1.2

0.9
0.6
0.0

2.0

1.5

1.0

0.5

0.0

Period [sec]

[ur] vonewIo}o(q

2.0

5

1

1.0

0.5

0.0

Period [sec]

Figure 4.12 Elastic Response Spectra — EQ 01 — 25% X-Axis Imperial Valley Ground Motion
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Figure 4.13 Elastic Response Spectra — EQ 02 — 25% Y-Axis Imperial Valley Ground Motion
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Figure 4.14 Elastic Response Spectra — EQ 03 — 25% Biaxial Imperial Valley Ground Motion
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Figure 4.16 Test Structure prior to Earthquake Simulations

Figure 4.17 Test Structure prior to Earthquake Simulations
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Figure 4.18 Test Structure After Earthquake Simulations

Figure 4.19 Test Structure After Earthquake Simulations
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Figure 4.21 Fracture at Column and Column Base Plate
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CHAPTER S
EXPERIMENTAL AND ANALYTICAL RESPONSE OF
TEST CONFIGURATION 2

This chapter provides a summary of the experimental test data and the finite element analysis
results of Test Configuration 2. The second configuration, as seen in Figure 5.1, featured the
masses loaded symmetrically on the diaphragm, and four 4 Extra-Strong Columns. The

dynamic properties of the test structure in Test Configuration 2 are shown in Table 5.1.

Six earthquake simulations were performed with this test configuration, with the only difference
during each simulation being the set of input ground motions. Although six simulations were
performed, only five will be discussed here. After the fifth simulation, the structure had
experienced two highly inelastic tests, and the accumulated damage was significant enough to
make any data analysis difficult. Thus, EQ 12 — EQ 16 are the five earthquake simulations that
will be discussed in this chapter. Characterization tests also were performed to determine the
dynamic properties of the model, as described in Chapter 2. The complete test sequence for Test

Configuration 2 is shown in Table 5.2.

The first three earthquake simulations, EQ 12 with 25% X-Axis only [PGAx = 0.250 g], EQ 13
with 25% Y-Axis only [PGAy = 0.168 g], and EQ 14 with 25% Biaxial input motions [PGAx =
0.248 g and PGAy = 0.170 g], were intended to produce elastic behavior only. During the
simulations, the structure slightly exceeded the yield displacement in the X direction during EQ
12 and EQ 14. The fourth simulation, EQ 15, using 100% Biaxial input motions [PGAx = 1.080
g and PGAy = 0.699 g], was the initial test with significant inelastic response along both axes for
this configuration. Subsequently, an additional test was performed, EQ 16, in which 150%
Biaxial input motions were used [PGAx = 1.582 g and PGAy = 1.141 g]. This final test therefore

featured not only inelastic behavior, but also pre-existing damage in the model columns.

This chapter summarizes response data of the test structure during the earthquake simulations and
the dynamic characterization tests. Summaries of test model accelerations, displacements,

torsional moments, overturning moments, column end moments, and base shears are provided.
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5.1 OBSERVED STRUCTURAL RESPONSE

The diaphragm acceleration and displacement time history responses for the 25% X-Axis
simulation are shown in Figure 5.2. The base shear vs. displacement and torque vs. rotation are
shown in Figure 5.3. Similar responses for the 25% Y-Axis simulation are shown in Figures 5.4
and 5.5. Results for the 25% Biaxial simulation are shown in Figures 5.6 and 5.7. The responses
for the 100% Biaxial simulation are shown in Figures 5.8 and 5.9. Results for the 150% Biaxial

simulation are shown in Figures 5.10 and 5.11.

Tables 5.3 — 5.7 list the peak recorded diaphragm relative displacements and peak diaphragm
accelerations, and corresponding PGA for each of the five earthquake simulations performed in
this test configuration. Also listed are the maximum base shears, maximum torsional moments,
maximum overturning moments, maximum column end moments for each column, and

maximum column end shears for each column.

5.2 OBSERVED RESPONSE DISCUSSION

The calculated force-deformation behavior of the structure in the X and Y directions and about
the Z-Axis is shown in Figures 5.12 and 5.13. Again the model structure has slightly different
natural frequencies in the X and Y directions despite apparent symmetry, resulting in different
force-deformation behavior along each axis. In the X direction, the model has a yield
displacement of 0.45 inches at a yield force of 21.35 kips. In the Y direction, the model has a
yield displacement of 0.49 inches at a yield force of 21.35 kips. The model has a yield rotation of
0.0064 radians at a yield moment of 1457 kip*inches. In Figure 5.14, the structural force-
deformation behavior shown in Figures 5.12 and 5.13 is compared with the maximum force-
deformation response from each of the earthquake simulations in this test configuration. Elastic
response spectra of the recorded table motions for EQ 12 — EQ 15 are shown in Figures 5.15 —
5.18, respectively. The modal frequencies for this configuration with respect to the response

spectra are indicated in Figures 5.15 — 5.18 as well.

The first earthquake simulation for this configuration, EQ 12, features 25% Imperial Valley input
motion in the X-Axis only [PGAx = 0.250 g]. Time history plots of the structural response are
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shown in Figure 5.2. The peak displacements of the structure were 0.492 inches in the X
direction, 0.050 inches in the Y direction, and 0.33 x 107 radians about the Z-Axis. The peak
displacement predicted by static analysis, using the elastic response spectrum, is 0.484 inches
along the X-Axis, with no displacement predicted along the Y-Axis or about the Z-Axis. Thus,
the Y-Axis displacement and rotation indicate that the structural response for this simulation
remained elastic, while the X-Axis response was slightly inelastic. The peak base shears are
23.80 kips in the X direction, 2.70 kips in the Y direction, and 28.65 kip*inches about the vertical
axis. The peak base shear in the X direction is greater than the yield shear, 21.35 kips, while the
peak base shear in the Y direction is less than the yield shear. The peak moment is less than the
torsional yield moment, 1457 kip*inches. The base shear vs. displacement plots are both tight
and linear, as shown in Figure 5.3, and the structure exhibits no permanent deformation. The
apparent elastic response in the shear vs. displacement plot for the X-Axis, despite the structure
exceeding the yield displacement, arises from the very gradual decrease in stiffness of the
structure after initial yield, as seen in Figure 5.13. Also, although the input motion for EQ 12 was
along the X-Axis only, Figure 5.2 shows that the structure did have a displacement response in
the Y-Axis. Although torsional motion is not expected with complete mass symmetry, Figure 5.2
indicates that it is present. The Y-Axis and torsional motions were most likely resonance

motions, a product of the shaketable control problem discussed in Chapters 3 and 4.

In EQ 13 the model is subjected to a 25% Y-Axis input motion [PGAy = 0.168 g]. Time history
plots of the structural response are shown in Figure 5.4. The peak displacements of the structure
were 0.344 inches in the Y direction, 0.022 inches in the X direction and 0.41 x 10~ radians about
the Z-Axis. The peak displacement predicted by static analysis is 0.317 inches in the Y direction,
with no displacements predicted along the X-Axis or about the Z-Axis. Thus, the structural
response for this simulation remained elastic. In EQ 13, a torsional effect is not expected, and it
appears from Figure 5.4 that the measured rotation is similar to the rotation observed in EQ 12.
Also, Figure 5.4 seems to indicate that the measured X-Axis displacement is a vibratory response
similar to that seen along the Y-Axis in EQ 12. The peak base shears are 15.37 kips in the Y
direction are 1.07 kips in the X direction, and the peak torsional moment is 54.02 kip*inches.
Figure 5.5 shows the base shear vs. displacement plots and torsional moment vs. rotation plot,

which are tight and linear.

The third earthquake simulation for this configuration, EQ 14, features 25% Imperial Valley input
motion along both the X-Axis and Y-Axis [PGAx = 0.248 g and PGAy = 0.170 g]. Time history
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plots of the structural response are shown in Figure 5.6. The peak displacements of the structure
were 0.480 inches in the X direction, 0.352 inches in the Y direction, and a peak rotation of 0.78
x 107 radians. Static analysis predicts 0.515 inches along the X-Axis, 0.333 inches along the Y-
Axis, and no rotation. Thus, the displacements and rotation indicate that the structural response
for this simulation remained elastic torsionally and along the Y-Axis, but was inelastic along the
X-Axis. The structure underwent no permanent deformation along either axis. As for the
previous test, this can be attributed to the very gradual decrease in the stiffness of the structure
after initial yield, as seen in Figure 5.13. Bearing this out are the base shear vs. displacement
plots and torsional moment vs. rotation plot in Figure 5.7, which are all tight and linear,
apparently indicating very minor yielding. The peak base shears are 22.83 kips in the X
direction, 15.85 kips in the Y direction, and 60.17 kip*inches about the vertical axis. The peak
base shear in the X direction is greater than the yield shear, 21.35 kips, while the peak base shear
in the Y direction is slightly less than the yield shear. The peak moment is less than the torsional

yield moment, 1457 kip*inches.

As EQ 12 — 14 are very close to linearly elastic in response, the displacement response of the
structure in EQ 14 should theoretically be equal to the sum of the responses from EQ 12 and EQ
13. In comparing EQ 14 with EQ 12, the addition of the 25% Y-Axis input motion results in little
change in the X-Axis response of the diaphragm, as the peak displacement and base shear are
0.492 inches and 23.80 kips for EQ 12 and 0.480 inches and 22.83 kips for EQ 14. The peak
displacement response is slightly smaller for EQ 14 than EQ 12, which is consistent with the fact
that the PGA in the X direction is slightly smaller for EQ 14, 0.248 g, than for EQ 12, 0.250 g. In
comparing EQ 14 with EQ 13, the addition of the 25% X-Axis input motion results in little
change in the Y-Axis response of the diaphragm, as the peak displacement and base shear are
0.344 inches and 15.37 kips for EQ 13 and 0.352 inches and 15.85 kips for EQ 14. The peak
displacement response is slightly larger for EQ 14 than EQ 13, which is consistent with the fact
that the PGA in the Y direction is slightly larger for EQ 14, 0.170 g, than for EQ 13, 0.168 g.
Further, when noting that the Y-Axis response in EQ 12 and the X-Axis response in EQ 13 are a
free vibration resonant response, it follows that these peak responses would not be accounted for
in computing the peak responses of EQ 14, as those peak responses occur during forced vibration.
The rotational response in EQ 14 can also be seen in Table 5.3 to be very close to the sum of the
rotational responses in EQ 12 and EQ 13. Thus, the experimental response of the structure for

this test configuration conforms to the expected linear behavior very well.

191



In EQ 15, the first test in this configuration that features inelastic response, the model structure is
subjected to 100% Imperial Valley input motion along both the X-Axis and Y-Axis [PGAx =
1.080 g and PGAy = 0.699 g]. Time history plots of the structural response are shown in Figure
5.8. The peak displacements of the structure were 2.86 inches in the X direction and 1.24 inches
in the Y direction, with a peak rotation of 2.85 x 10 radians. Thus, the structure achieved a
ductility of 6.2 in the X direction and 2.6 in the Y direction for this test. Although the rotational
response was less than the yield rotation, which is not surprising with mass symmetry, the
response was not insignificant, as it was nearly half of the yield rotation. With no asymmetry
present, the cause of the rotational response is possibly again the table control problem. Although
the table was being driven along both horizontal axes, it was also moving torsionally. However,
each column participates in the seismic resistance of the structure in each of the three directions
of motion. As a result of the phase of each motion, the effective instantaneous stiffnesses of the
columns may be different and less than their elastic stiffnesses. This will lead to torsional motion
of the structure as any yielding of the columns in the X or Y directions will reduce the torsional
stiffness of the structure and shift the center of rigidity causing a stiffness eccentricity. The peak
base shears are 38.17 kips in the X direction and 32.91 kips in the Y direction. Thus, the base
shears verify the inelastic response, but they also demonstrate the overstrength of the structure, as
the peak shears are both nearly twice the yield shears. Figure 5.9 shows the base shear vs.
displacement plots and torsional moment vs. rotation plot. The base shear vs. displacement plots

are no longer tight and linear, but now are taking on a fuller shape.

The normalized acceleration response of the diaphragm is shown in Table 5.4. In EQ 14, with
25% Biaxial input motions, the normalized acceleration response of the diaphragm is 2.54 in the
X direction and 2.58 in the Y direction. The input ground motions are increased by
approximately a factor of 4 in EQ 28, but the acceleration response of the diaphragm only
increases by about 1.7 in the X direction and 2.1 in the Y direction. Thus, the normalized
acceleration response of the diaphragm decreases to 0.98 in the X direction and 1.30 in the Y
direction. Also, although the input motions are increased by a factor of approximately 4, the
angular acceleration response of the diaphragm increases from EQ 14 to EQ 15 by a little more

than 2. Both of these trends verify the expected inelastic behavior of the structure in EQ 15.
The final earthquake simulation for this configuration, EQ 16, features 150% Imperial Valley

input motion along both the X-Axis and Y-Axis [PGAx = 1.582 g and PGAy = 1.141 g]. Time

history plots of the structural response are shown in Figure 5.10. The peak displacements of the
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structure were 5.41 inches in the X direction and 4.31 inches in the Y direction, with a peak
rotation of 5.35 x 107 radians. Thus, the structure achieved a ductility of 11.9 in the X direction
and 8.8 in the Y direction for this test. The peak base shears were 42.84 kips in the X direction
and 39.84 kips in the Y direction. The peak torsional moment is roughly one-tenth of the yield
moment, however, the peak rotation of the structure is very close to the yield rotation. This is
again a result of the instantaneous stiffnesses of the columns in each direction potentially being
different and less than their elastic stiffnesses, due to the phase of each of the response motions
and the resulting inelastic column behavior. This response behavior can be clearly observed in
Figure 5.14, which compares the actual peak force-displacement behavior of the structure
throughout all of the simulations in this configuration, termed a backbone curve, to the force-
deformation behavior found through pushover analyses. The backbone curves and pushover
curves for the X-Axis and Y-Axis match well, while for the Z-Axis, a significant difference exists
between the two. If an ostensibly symmetric structure can come close to achieving a peak
rotation equal to the yield rotation, it seems reasonable that this behavior will be even more
significant when analyzing an asymmetric structure, such as in subsequent test configurations.
The base shears in EQ 16 are approximately 10% larger in the X direction and 20% larger in the
Y direction than those in EQ 15, despite the fact that the input motions have been increased by
50%. This is also indicative of inelastic behavior, as the base shears would be expected to
increase proportionally to the input motions if the response remained elastic. With EQ 16, as
shown in Figure 5.11, the base shear vs. displacement hysteresis plots exhibit a very full, smooth
shape. Substantially more inelastic energy dissipation was observed for this test than for EQ 15.
Contrary to EQ 12 — 14, a small amount of residual displacement is evident after EQ 15, as seen
in Figure 5.8. The permanent displacement increases substantially in EQ 16, as seen in Figure

5.10.

The displacement response of the diaphragm divided by, or normalized by, the peak ground
acceleration (PGA) is shown in Table 5.3. In EQ 14, with 25% Biaxial input motions, the relative
displacement of the diaphragm is 1.94 in/g in the X direction, and 2.07 in/g in the Y direction.
The input ground motions are increased to 100% Biaxial in EQ 15, but the normalized
displacement increases slightly in the X direction to 2.65 in/g and decreases slightly in the Y
direction to 1.77. Also, in moving from EQ 14 to EQ 15, the diaphragm rotation increases on a
relatively proportional level with the input motion increase. In EQ 16, the input motions are
increased to 150% Biaxial, and the normalized displacement response of the diaphragm is 3.42 in

the X direction and 3.78 in the Y direction. Thus, in EQ 16 the normalized displacements have

193



increased significantly from those in EQ 15. Also, the maximum rotation nearly doubles from
EQ 15 to EQ 16, while the input motions increase by only 50%. Thus, the normalized
deformation response decreases as the period of the structure increases in moving to inelastic
behavior, from EQ 14 to EQ 15, and then the normalized displacements increase as the period of
the structure increases further. Although not predictable, this behavior is not inconsistent with the

deformation response spectra for this configuration, shown in Figure 5.18.

5.3 DYNAMIC CHARACTERIZATIONS OF THE MODEL

Prior to performing any shaketable simulations using the earthquake input motions, white noise,

sine sweep, and sine decay tests were performed, as discussed in Chapter 3. This general pattern
was followed for Test Configuration 2, as can be seen in Table 5.2. In addition, white noise tests
were performed immediately after both earthquake simulations exhibiting inelastic behavior, EQ

16 and EQ 17.

The dynamic properties of the test structure, as measured before EQ 12 and after EQ 17, are
shown in Table 5.1. Three modal frequencies, corresponding to the first mode in each of the
three degrees-of-freedom, dominate the structural response. Also, the damping ratio of the test
structure for all three degrees-of-freedom is below one percent, which is consistent with the
damping ratios of the first test configuration. The results in Table 5.1 indicate that due to the
inelastic behavior in EQ 16 and EQ 17, some permanent softening of the structure did take place.
The damping also increased noticeably by the end of the final simulation. The structure
experienced a significant amount of inelastic behavior during the final two simulations, which

most likely began to produce micro-cracking at the column-base plate welded interface.

5.4 OBSERVED CONDITION OF THE STRUCTURE

For Test Configuration 2, fracture occurred in the column-to-plate welded joint during EQ 17.
The southeast and southwest columns both fractured near the column tops, and all four columns
fractured near the column bottoms. In observing the structure condition after EQ 15, the
formation of plastic hinges near the tops and bottoms of the columns was becoming discernable.

Following the completion of EQ 16, permanent plastic damage in the columns was evident, with
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the locations of the plastic hinges in the columns becoming very clear. Figure 5.19is a
photograph of the test structure taken before the earthquake simulations were performed. Figures
5.20 and 5.21 are photographs of the test structure taken after the final earthquake simulation in
this configuration, EQ 16, illustrating the inelastic behavior and permanent damage of the
structure. Figure 5.22 also shows the formation of plastic hinges near the top and bottom of the
northeast column. Figure 5.23 shows the column fracture at the bottom one of the columns after

EQ 17.

5.5 FINITE ELEMENT ANALYSIS

In modeling the behavior of the test structure, the nonlinear finite element analysis programs
Abaqus and Drain-3DX were employed. During the earthquake simulations employing the larger
scale input motions, the structural response exhibits both geometric and material nonlinearities,
both of which Abaqus and Drain-3DX can model. A more complete discussion of the applicable
features of Abaqus and Drain-3DX is presented in Chapter 3. Also, some aspects of the finite
element model, such as the modeling of the diaphragm as a rigid component, are common

throughout each test configuration, and are discussed more completely in Chapter 3.

(A) PIPE COLUMN MATERIAL MODEL

The pipe columns used in Test Configuration 2, as well as those used in Test Configurations 1, 3,
and 4 were produced from the same batch of raw pipe column lengths. The material models of
the pipe columns in these four test configurations were based on stress-strain data produced
during the tension tests performed on each coupon. Both the original stress-strain data recorded
during the coupon tension tests, and the best-fit material model used in the finite element analyses
are shown in Figure 5.24 for Abaqus and in Figure 5.25 for Drain-3DX. Shown in Table 5.8 are
the numerical stress-strain best-fit Abaqus model data. Shown in Table 5.9 are the numerical

stress-strain best-fit Drain-3DX model data.
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(B) FINITE ELEMENT MODEL

The Abaqus and Drain-3DX finite element models employed to analyze the behavior of Test
Configuration 2 are shown in Figures 5.26 and 5.27, respectively. Beyond the features of the
finite element model, which are common throughout each test configuration and are discussed in
Chapter 3, these figures illustrate the location and magnitudes of the nodal masses and the height
of the Non-Rigid Links. For the Abaqus model, the nodal masses placed at each of the four
corners of the diaphragm have a magnitude of 2.941 Ib*s*/in. The interior nodal masses each
have a magnitude of 20.270 Ib*s*/in. The height of the finite element model diaphragm in this
test configuration is 69.123 inches, which thus produces a length of 9.123 inches for each of the
four Non-Rigid Links. Figure 5.27 illustrates the location and magnitudes of the nodal masses
and the height of the Non-Rigid Links for the Drain-3DX model. The nodal masses placed at the
four diaphragm corners have magnitudes of 2.994 Ib*s*/in. The interior nodal masses each have a
magnitude of 20.411 Ib*s*/in. The height of the finite element model diaphragm is 68.798 inches,
which results in a length of 8.798 inches for the Non-Rigid Links.

(C) OBSERVED RESPONSE

The relative displacement of the diaphragm along the X- and Y-Axis and the rotation of the
diaphragm about the Z-Axis were chosen as the response quantities used to compare the accuracy
of the finite element simulations. Displacement histories for both Abaqus and Drain-3DX
analyses along the X- and Y-Axis, where appropriate, are provided for the 25% X-Axis
simulation [PGAx = 0.250 g] in Figures 5.28 and 5.29, for the 25% Y-Axis simulation [PGAy =
0.168 g] in Figures 5.30 and 5.31, and for the 25% Biaxial simulation [PGAx = 0.248 g and
PGAy =0.170 g] in Figures 5.32 and 5.33. Displacement histories along the X- and Y-Axis and
rotation histories about the Z-Axis are provided for the 100% Biaxial simulation [PGAx =1.080 g
and PGAy = 0.699 g] in Figures 5.34 — 5.37, and for the 150% Biaxial simulation [PGAx = 1.582
g and PGAy = 1.141 g] in Figures 5.38 — 5.44. The 150% Biaxial simulation was performed
using four different post-yield material models: perfect plasticity, isotropic hardening, kinematic
hardening, and combined isotropic/kinematic hardening. Table 5.10 lists the maximum peak
relative displacements in the X and Y directions and the peak rotation, and the corresponding
PGA:s, for the five earthquake simulations listed above. The 150% Biaxial simulation time

histories using the perfect plasticity, isotropic hardening, and kinematic hardening models are
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provided for qualitative purposes only, and as such the peak relative displacements are not

provided in Table 5.10.

(D) OBSERVED RESPONSE DISCUSSION

In Figures 5.28 — 5.33, the displacement response histories for the uniaxial and biaxial 25%
simulations can be seen for both the test structure and the finite element model. The frequency
contents of the response histories in both the Abaqus and Drain-3DX simulations match the test
data very well. As seen in Table 5.10, the maximum relative displacements in both directions of
the Abaqus finite element analysis match the test data fairly well, agreeing to within about 6% in
both directions. The Drain-3DX simulations also match the test data well, with differences in
both directions of about 13%. As with Test Configuration 1, however, the maximum
displacements do not match the test data as well as do those for the Abaqus simulations. With
both the Abaqus and Drain-3DX models, the peak displacements appear to occur in the same time
region for both the finite element model and the test structure. For this test configuration, the
damping ratios of the test structure were 0.60% in the X direction and 0.64% in the Y direction.
Thus, with the damping in this test configuration, the inability to specify the damping in each

direction independently was not as significant a problem as with the previous test configuration.

In Figures 5.34 and 5.35, the displacement and rotation response histories for EQ 15 can be seen
for both the test structure and the finite element model, using a combined isotropic/kinematic
hardening model. This simulation is largely inelastic, achieving a peak displacement of nearly 3
times the yield displacement in the Y direction and nearly 7 times the yield displacement in the X
direction. For the displacements, the frequency contents of the response histories in the Abaqus
simulations match the test data fairly well. In the X direction, the magnitude of the displacement
also matches very well. For the Y direction motion, the Abaqus simulations predict smaller peak
displacements at a number of points in the time history. As seen in Table 5.10, the peak
displacements in the X direction agree to within 7%, while the peak displacements in the Y
direction agree to within only 14%. Also important, however, is the fact that the peak
displacements appear to occur in the same time region for both the finite element model and the
test structure. The Drain-3DX results for EQ 15 also match well. The peak displacements match
to within 3% in the X direction and 13% in the Y direction, which is a better match than the
Abaqus simulation. However, the Drain-3DX analysis does not predict the permanent offset that

is present in the X-Axis motion at the end of the simulation. The permanent offset recorded in
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the test is roughly 0.6 — 0.7 inches. Abaqus predicts this result fairly accurately, while Drain-
3DX predicts a negligible final offset, if any. Also noteworthy is the rotational response, or lack
thereof, during EQ 15. The recorded test rotation history is small, but non-trivial. However,
neither of the finite element rotational time histories are even remotely close to the experimental
result. In fact, the rotation histories from the Abaqus and Drain-3DX analyses match each other
fairly well. The only point during the finite element rotation time histories when the rotation
appears to be anything other than noise appears to correlate with a large excursion in the X-Axis
displacement response. The rotation present during the test, when considering the finite element
results, is most likely a result of the previously discussed shaketable motion control problem.
Any shaketable motion other than the recorded motions in the X and Y directions is not
accounted for in the finite element analyses, and therefore any actual structural response due to

extraneous shaketable motion would not be present in the finite element response results.

These same trends continue in the response histories for EQ 16, the 150% simulation, shown in
Figures 5.38 and 5.39, using a combined isotropic/kinematic hardening model. The peak
displacements in the Y direction are actually in better agreement for EQ 16, with differences of
less than 4%. Further, the peak displacements in the X direction agree to within 2%. This was
true despite the fact that EQ 16 is a more difficult test for the finite element model to simulate, as
there was pre-existent damage to the structure. The Drain-3DX simulations also matched well, to
within 6% in the Y direction and 15% in the X direction, but again not as well as the Abaqus
analyses. The first inelastic simulation, EQ 15, featured a small degree of residual displacement,
especially in the X direction, indicating permanent damage to the structure. Thus, the second
inelastic simulation, EQ 16, began with this permanent damage to the structure. As with EQ 15,
the Drain-3DX analysis did not accurately predict the X-Axis permanent offset at the end of EQ
16. As shown in Figure 5.40, the Drain-3DX analysis predicts about one inch, while the actual
offset was roughly 3 inches. In modeling an inelastic simulation, it will be shown that the
material hardening model, or how the stress-strain behavior of each element changes during
yielding, can significantly impact the calculated results. The changes in the stress-strain behavior
are path dependent, and thus are influenced by the number and degree of inelastic excursions that
each material element makes. With a second inelastic simulation following the first, the stress-
strain path that each element takes becomes twice as long. Thus, any inaccuracies in the material
hardening model, which will undoubtedly be present, may have twice the effect on the calculated

results.
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The Abaqus simulations shown in Figures 5.34 — 5.35 and 5.38 — 5.39 utilize a combined
nonlinear isotropic/kinematic hardening model, as described in Chapter 3. For the hardening
model for these simulations, it was assumed that the isotropic part of the hardening would
compose 30% of the total hardening. This figure was chosen through calibration to the response
of the symmetric models studied in this chapter and an earlier chapter. This calibration was
necessary for subsequent analyses because cyclic material tests were not performed on the steel
specimens from the test structure columns. It is difficult to evaluate how accurate the assumed
hardening model is, although it was based to some degree on other material studies of A36 steel,

as discussed in Chapter 3.

Figures 5.42 — 5.44 show the same simulation, EQ 16, performed with three other post-yield
material models. The post-yield behavior in Figure 5.42 was perfect plasticity, while the
simulation in Figure 5.43 utilized isotropic hardening only and the simulation in Figure 5.44
utilized kinematic hardening only. As seen in these figures, although the combined hardening
model predicts the closest response to the true deformation, both the isotropic hardening and
kinematic hardening models are fairly accurate as well. The perfect plasticity material model,
while fairly accurate in the uniaxial case, as seen in Chapter 4, grossly overestimates the
structural response in both directions. These results demonstrate that the hardening model used
for finite element analyses may have a significant impact on calculated results for nonlinear
dynamic problems. The peak recorded column strains for EQ 16 were about 0.01 in/in, while the
yield strain for the column steel was about 0.0011 in/in, as seen in Figure 5.24. Because the
strain gages were placed 10 inches from the column ends for this configuration, the actual peak
strains in the columns most likely exceeded the strains measured by the strain gages. Thus, for
this simulation, the column material did extend significantly into the inelastic region. As seen in
Figure 5.24, at the peak strain level of approximately 0.01 in/in, hardening has increased the
strength of the material by about 50% over the strength using a perfect plasticity model, which is

consistent with the observations here.

5.6 SUMMARY AND CONCLUSIONS

In Chapter 4, the Modified (/R Ratio was introduced. This ratio gives a measure of the amount of
ductility the 2000 NEHRP Seismic Provisions expects a particular structure to experience and

thus for which it must be designed. For EQ 07, a uniaxial inelastic earthquake simulation with
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displacement response ductility of about 2.5, the Modified (/R Ratio was 0.77. As stated in
Chapter 4, this Ratio fell within the bounds of the (/R Ratio that the 2000 NEHRP Seismic
Provision provides: 0.86 for an Ordinary Moment Resisting Frame (OMRF), and 0.69 for a
Special Moment Resisting Frame (SMRF). For EQ 15, an earthquake simulation of relatively
equal magnitude to EQ 07 but with biaxial ground motions, the Modified (/R Ratios were 1.37 in

the X direction and 0.86 in the Y direction, as shown below.

/R Ratio
Configuration EQ X-Axis Y-Axis Z-Axis
100% Uniaxal 7 N/A 0.77 N/A
100% Bl 15 1.37 0.86 0.84
Jymmettic Mass 16 1.77 1.83 1.08

The value for the Y direction is reasonably similar to that of EQ 07, however the value for the X
direction is significantly larger, by nearly 80%, than for EQ 07. This implies that for a particular
Strength Reduction Factor, the ductility that the structure will experience is significantly greater
than the ductility demand required by the Seismic Provisions. For EQ 16, the Modified (/R Ratio
was 1.77 in the X direction and 1.83 in the Y direction. Thus, not only are these ratios
significantly larger than those for the range between an OMRF and an SMRF, but the (/R Ratios
have changed from one inelastic earthquake to the next inelastic earthquake for the same test
configuration. In order to be able to correctly model inelastic deformations using elastic response
spectra, it is important that parameters such as the (/R Ratio do not change significantly based on
the amount of inelastic behavior. This is one illustration of the limits of using elastic design to

predict inelastic behavior.

As mentioned above, it is important to know whether the (/R Ratio changes for different
earthquake configurations in actual structures because the elastic design procedure in the Seismic
Provisions takes this ratio as a constant. In addition, a constant (/R Ratio implies that the ratio of

the two peak lateral displacements remains constant regardless of whether the structure responds
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clastically or inelastically, and also regardless of the amount of structural asymmetry. For elastic
response, the Seismic Provisions define the seismic base shear, V,, as

Ve =PSA, *W and  V, =PS4, *W

where the subscript e indicates elastic response, the subscripts X and Y indicate the response
direction, W is the structure weight, and PS4 is the spectral acceleration. The elastic lateral

deformations uyand uy are defined as

and uy =

where Ky and Ky are the structure stiffnesses in the lateral directions. The ratio of the two peak

elastic lateral displacements is then defined as

uy VYE/KY _ W*PSAYQ/KY K PS4,

e X e

uy Vi [Ky W*PSAy [Ky, K, PSA

e

For inelastic response, the Seismic Provisions define the seismic base shear, V;, as

PS4, PS4,
Vy = =R and Vy = =R
1 R ¢ R

The inelastic lateral deformations uyand uy are defined as

VX. VY.
Uy =CdDK_l and Uy :CdDK_l
X Y

The ratio of the two peak inelastic lateral displacements is then defined as

u, C,Vy /Ky W*PSA K, g PS4

i

g C,Vy|Ke W*PSA, [K, K, PSA

But, if PS4, =A0PSA, and PSA, =AUPSA, then

PSA,  AOPSA,  PSA,

1 —_ e

PSA, AOPSA,  PSA,

l e

Therefore,
u u
Ye - Yl - uY
Uy Uy Uy

And because the Seismic Provisions make no modifications to these equations based on degree of
eccentricity, the ratio of peak Y-Axis displacement to peak X-Axis displacement should remain

constant regardless of eccentricity.
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For EQ 14 in this test configuration, the uy/ uy ratio is equal to 0.73, as shown below. For EQ
15, the first inelastic simulation, the ratio drops significantly to 0.43, a decrease of over 40%.
This result is confirmed by the fact that the displacement ductility is approximately 2.5 times
larger in the X direction than in the Y direction for EQ 15. For EQ 16, the second inelastic

simulation, the ratio of uy/ uy increases to 0.80.

Configuration EQ uy/ ux
Symmetric Mass

25% Biaxial 14 0.73
Symmetric Mass

100% Biaxial 15 0.43
Symmetric Mass 16 0.80

150% Biaxial

The displacement ductility in the X direction is now only about 35% larger than in the Y
direction, which is similar to the proportion observed in EQ 14. Thus, it appears that due to the
differences in the X- and Y-Axis ground motions, the structure in EQ 15 has yielded to different
degrees in the two directions. In the Y direction, the structure is still in the region of the pushover
curve, Figure 5.12, where the lateral stiffness has not yet decreased significantly. In the X
direction, the lateral stiffness has decreased to a much greater degree, resulting in a much larger
peak displacement proportionally to the Y-Axis peak displacement. In EQ 16, the stiffness
appears to have decreased to a similar degree in the Y direction as in the X direction, as the
structure has traveled further along the pushover curve. This phenomenon, yielding at different
rates in the two lateral directions, would be expected to occur regularly in actual structures, as
orthogonal ground motion components are typically different and structures lose stiffness during
yielding in a very gradual manner. The result of this is that the ratio uy/ uymay not remain
constant as the structure proceeds along its yield path, indicated by the pushover curves. But it
also appears that if there is sufficient yielding in each lateral direction, the uy/ uyratio during

inelastic response is nearly equal to that for elastic response.

Another limitation in using elastic design occurs when rotational response is a product of inelastic
behavior. As mentioned previously, when yielding occurs in one or both of the transverse
directions, the torsional stiffness decreases. This has the effect of increasing the torsional
response of the structure. During EQ 15 and EQ 16, the two inelastic simulations in this

configuration, the structure achieved rotational ductilities of 0.44 and 0.83, despite the fact that
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the structure was ostensibly symmetric. With no inherent eccentricity, the only possibility for
predicting this response with the Seismic Provisions is through the accidental eccentricity.
However, the Provisions predict peak rotations of 1.89 x 107 radians for EQ 15 and 2.83 x 10”
radians for EQ 16. The peak rotations of the test structure were 2.85 x 10~ radians and 5.35 x 10"
? radians for EQ 15 and EQ 16, respectively. Thus, the accidental eccentricity provision is
noticeably inadequate in predicting these torsional responses. However, the additional edge
displacements due to the rotational response in both EQ 15 and EQ 16 are only about 5% of the
transverse peak displacements of the structure, which is a mitigating factor in assessing the

adequacy of the Provisions.

The uniaxial inelastic earthquake simulation performed in Chapter 4, EQ 07, featured a peak
ground acceleration of 0.678 g and a peak displacement of 1.216 inches along the Y-Axis,
resulting in a normalized displacement of 1.79 inches/g. The first inelastic earthquake simulation
in this chapter, EQ 15, featured a similar peak ground acceleration in the Y direction, but a
ground motion was also present in the X direction. If a mass or stiffness asymmetry were added
to the configuration, the peak displacement would likely be expected to decrease somewhat due
to the presence of torsional motion. However, simply adding the X-Axis ground motion does not
impact the Y-Axis peak displacement, as it is 1.294 inches in EQ 15, resulting in a normalized
displacement of 1.85 inches/g as compared to 1.79 inches/g for EQ 07. This implies that without
coupling of the X and Y-Axis motions due to mass or stiffness asymmetry, the X and Y-Axis
responses are independent of one another for an inelastic simulation, as is obviously the case for

an elastic earthquake simulation.

The time history analyses performed for this configuration using the finite element programs
Drain-3DX and Abaqus were generally accurate in their predictions of the experimental response.
With respect to the low-level linear simulations, Abaqus consistently predicted peak
displacements more accurately than did the Drain-3DX analyses. The Abaqus analyses were off
by roughly 2-7%, while the Drain-3DX analyses were typically inaccurate by about 12-13%. No
consistent pattern emerged as to why some of the elastic analytical simulations were more
accurate than others. The inelastic simulations proved to be similar in their results. The Abaqus
analyses were slightly more accurate than those utilizing Drain-3DX. However, each predicted
maximum displacements as close as 2% and as different as 15% from the test data. The Abaqus
simulations did prove to be significantly better in predicting any permanent offset of the structure.

Neither Abaqus nor Drain-3DX was remotely close in predicting the peak rotation,
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underestimating the actual peak rotation by anywhere from a factor of 2.5 to 4. As there was no
mass or stiffness asymmetry present in this structure, the rotation observed in the test structure
appears to be primarily caused by the reduction in torsional stiffness, which occurs when the
structure yields in one or both of the planar directions. It appears that neither finite element
program models this phenomenon very well. The Abaqus simulations performed with the
kinematic and isotropic hardening material models were both fairly accurate in matching the test
data. However, the simulation utilizing the elastic-perfectly plastic model was not as accurate,
significantly overestimating both the peak displacements and permanent offset by factors of 3-5.
Thus, it appears that for this biaxial inelastic simulation, the Abaqus analysis does begin to offer
advantages over the Drain-3DX analysis. Also, it is evident that the simple elastic-perfectly

plastic material model is insufficient to accurately model the inelastic response of EQ 16.
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Mass Mass Centers [in] Column Properties
[Ib*s*/in]
) Y, Zo A [in’] I [in?]
93.618 0.0 0.0 68.798 4.41 9.61

Modal Frequencies [Hz]

Modal Damping [%]

X Y 0 X Y 0
Before EQ 12 3.589 | 3.454 | 6.450 | 0.596 | 0.636 N/A
After EQ 17 3.313 | 3.050 N/A 3.029 | 3.249 N/A

Table 5.1 Test Structure Dynamic Properties - Test Configuration 2
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Test Designation | Input Motions
WNT4 White Noise X-Axis
WNTS5 White Noise Y-Axis
WNT6 White Noise Yaw-Axis
SIN4 Sine Decay X-Axis
SINS Sine Decay Y-Axis
SIN6 Sine Decay Yaw-Axis
SWP4 Sine Sweep X-Axis
SWP5 Sine Sweep Y-Axis
SWP6 Sine Sweep Yaw-Axis
EQI2 25% X-Axis Imperial Valley
EQ13 25% Y-Axis Imperial Valley
EQ14 25% Biaxial Imperial Valley
EQI15 100% Biaxial Imperial Valley
WNT7 White Noise X-Axis
WNTS White Noise Y-Axis
EQ16 150% Biaxial Imperial Valley
WNT9 White Noise X-Axis
WNT10 White Noise Y-Axis
EQ17 150% Biaxial Imperial Valley
WNT11 White Noise X-Axis
WNTI12 White Noise Y-Axis

Table 5.2 Earthquake Simulations and Dynamic Characterization Tests - Test Configuration 2
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E [ksi] = 29000.0

Stress [ksi] Strain [in/in] Plastic Strain [in/in]

0.00000 0.00000

37.50000 0.00108 0.000000
39.60000 0.00300 0.001863
40.70000 0.00500 0.003831
49.00000 0.02000 0.018593
54.00000 0.04000 0.038449
56.50000 0.06000 0.058378
57.80000 0.08000 0.078340
58.50000 0.10000 0.098320
59.00000 0.15000 0.148306
57.00000 0.20000 0.198363

Table 5.8 Abaqus Stress-Strain Best-Fit Material Model - Test Configuration 2

E [ksi] = 29000.0

Stress [ksi] Strain [in/in]
0.00000 0.00000
37.50000 0.001293
39.60000 0.003000
49.00000 0.020000
56.50000 0.060000
58.50000 0.100000

Table 5.9 Drain-3DX Stress-Strain Best-Fit Material Model - Test Configuration 2
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Figure 5.1 Perspective View of Test Configuration Model 2
4 — 4” Extra-Strong Columns
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Figure 5.20 Test Structure After Earthquake Simulations
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Figure 5.21 Test Structure After Earthquake Simulations
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Figure 5.22 Test Structure Northeast Column After Earthquake Simulations
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Figure 5.23 Fracture at Column and Column Base Plate

235



0020

Z uoneIngIyuo)) 3s9 | — UONIUIFO( [OPOJA [BLIOJRIA JUSWS[H )UL,] Ureng "sA ssang snbeqy +7'¢ a1y

0S1°0

[ur/ut] urens

001°0

0500

0T

0¢

0¢

014

0¢

09

[15] ssong

236



00C°0

Z uoneIngyuo)) 1S9, — UONIULI(J [OPOIA [BLIOIBIAl JUSWIS[H 91UL] UTBNS "SA SSaNS X (¢-Urel(q S7°S 2Indig

0S1°0

[ur/ur] urens

001°0

0500

0T

0¢

0¢

014

\
\\\

0%

09

[15] ssong

237



7 uoneIn3uo)) 1591, 10J [OPOIA JUSWI[H UL snbeqy 97'¢ aIn3i

08 = & 0
sjuswsa|3 uwnjo) adid 0Z

N
£21'6 ® un pibiy—uoN

ul/7S«Ql L¥6'Z = SSOW _mEoo|\\

.5'96 M

&

DN

— U1/, 40l 0LZ'0T = SSOW [0uIB)u|

238



Z uoneInyuo)) 391, 10§ [OPOJA JUoWd[H dul] X(¢-ureiq ,g'§ 231

596 ;

X+

At

:O@ = :m. @
sjuawa|3 uwnjoy adid 0F

y N+

8648 ® Aun pibiy—uoN

------

ul/,S«ql $66'C = SSOW 5581\\

Ul/,S+Ql | 1$°0Z = SSOW |DUJBU|

239



KoqTe A remodu] SIXV-X %67 — 71 OF — WL, “SA judwdde[dsi [eonAeuy snbeqy 7°S omsrg

00T

0°¢I

[OdS] ANIL

001

0¢

00

A

>>>>:>>7

<<<c<< <¢_..\IJ.4\J e

[LIN T

Py ——

reyudswradxyg
[eonAeuy

9°0-
¥0-
0"
00
44
v0
90

[NI] INAINFOV1dSIA

240



Ao[eA [etodu] SIXY-X %67 — ¢1 O — OWI, "SA Judwdde[dsi( [eonk[euy X¢-urelq 67's 9Insig

[OdS] ANIL

241

——
—

UL L ,

>>>>>>:>>>!

—
R m——

\\d <<<<<<<.&J}JJ f:

[LIN L]

-
e
e

[NI] INAINFOVTdSIA

Ezoacomxm-----. mumdﬂnvm
[eondAeuy



Aa[[eA Tetadu] SIXY-A %GT — €1 O — SWIL 'SA Judwdde[dsi(] [eonk[euy snbeqy (¢'g am3r|

[Das] aNIL
0°0¢ 0°SI 001 0¢S 00
— 90
3 vo-
o ____ﬁ____\___;_,;\., = 7o
e A S e
AR LU 1 2o
e ! w o
= 990
[eyuowiadxy - ----- SIXV - A

[eonAreuy

242

[NI] INAINADV1dSIA



AaQ[eA Tetrodu] SIXV-X %67 — €1 OF — WL, "SA Judwwooe[dsi( [eond[euy X q¢-ulelq [¢'¢ 2Insrg

00T

[oas] amIL
0°SI 001 oc oo
! ; — w i nf__“ﬁ_. sy w
wvaneensit AR AR AR AR AT AR AR 3
A AL LR AT
< v _.,____w_______“,__h:. m

[eydwLRdxy
[eonAeuy

SIXV - A

v'0-
0
00
40
¥0
90

[NT] INFINFOVTdSIA

243



K9[reA reuaduy [erxerqg %67 — 1 O — QW] “sA juswdoe[dsi(q [eonkjeuy snbeqy z¢'¢ 2In3i

[OdS] ANILL
00T 0°SI 001 0°S 00
— 90"
1 vo-
. 1 oo
L«Lﬁﬂ<><5«x«><>33<§%. z<><.\_<_,< > > > > > > > > > > >_ P 3___ b___%, >_,__ # > >ﬁvl&«)tﬂ:r¥j — 00
e AN i
=
[eyuowiradxy - - - SIXV - A = 90
[eonAeuy
[Das] anIL
0°0¢C 0°SI 001 0°¢ 00
_ _ _ _ =
L. = 0
m: ;:f , Zr . 1 20
AN LA i NPT Y R
LR AN RRIRE RO | (ki ARSI 1
y 0

Z z z _ 70

90

[NT] LNANADV1dSIA

[NT] LNAHNADV1dSIA

244



Ka[e Terodwy [erxerq %67 — 1 OF — SWILL "SA JudwdR[dSI(T [BoNA[EUY XAE-URI] £€°S 2mBIL]

[Oas] anIL
0°0¢ 061 0°01 0's 00
9'0-
1 vo-
\ | S
><2<><)<_><\q«><><?_)<>d><><><><2<z;b<><><><"}<><:<><><><>¢><>€§<Bw\>g W 00
<X A -
} ; 3 7o
3 +0
= 90
[eywowinadxy - - - SIXV - A
[eonAeUuy
[Oas] anIL
0°0¢ 0°SI 001 0°¢ 00
I I I I =
, o , — v0-
HEIT T , = oo
a»gﬁ%%%g;_Q,w\_,%_\a.ﬁ__\____pz ; \ >>>>:>>J S YY)
1A
T R
(EEAE R RERE — ¥0
= 90

[NI] INAINADV1dSIA

[NI] INIINADOVTdSIA

245



Suruopiey [BLIOJBIA pauIquIo)) — A9[[B A [eHodw] [erxerd %001 — ST O — QWIL], "SA Juawoor[dsi(] [eonATeuy snbeqy 4¢°¢ 231

[DdSI HNLL

0°0¢ (Y 001 0¢ 00
0°¢-

‘i _.__> \n _s> >s AL >>><w.4»4)4:14 . o.o-
A/ ,%<<<<< A -

01

0¢

0¢

[euowadxy - - ---- mmvmaﬂ - A

[eondkeuy

[DdS] ANLL

0°0¢ (Y 001 0°¢ 00
0°¢-

0¢c

0r1-

,
,< i ;>>>>>>,f 1o

AAA—R—R-A

TR

< N7y Tro

01

0¢

0¢

SIXV -X

[NI] ININADV1dSIA

[NI] INTINADV1dSIA

246



Suruapiel] [eHAYRIN PaUIqIO)) — A3[[eA TeHddW] [BIXeI %001 — ST OF — SWILL 'SA UoHRIOY [eonAeuy snbeqy g¢'g amSrg

00T

0°¢I

[DdS] ANLL

001

0s

00
010°0-

S00°0-

| Pl PRV RN

41 v\,’.__l A, T2y
X i

/
r \ N\
PAPIA) \o.)»_ WAL

000°0

S00°0

0100

SIXV -7

[aV¥d] NOLLV.LOY

247



Aaq[eA Tetredu] [erxerdq 9,001 — §T OF — SWI], 'SA Juowweoe[dsi( [eonAeuy X ¢-Ulelq 9¢'s 2SI

[DAS] HNIL
00T 0°SI 00T 0°¢ 00
0°¢-
| oz
) ] Oﬁl
X(N/\\\ﬂcxfmxﬁt 2/\\4 AR >< VA \» .><><.\\..<L</~._<+~..\\ A .»<><~> <=.—<> <> >> >><\ / 5 (;—<><H< <<K\/>\_» ><><><qll4ilqln . i 00
< < << < 1 o1
1 oz
S
[euowadxy - - - --- SIXV - A
[eonfjeuy
[Das] aIL
00T 0°SIT 001 0°¢ 00
0¢-
I I ]
| .
VAT AN \ ] » W _\_,_ p ._._,_._,___.\__ ______. : i i 01
.: .:&____/;\._.._., ____, __, \ _\._\\Z/_,«.:_. \“_\\__::__ _____ , __.:_____._. .,,>._\/.\if><> >>\<J\>> |
AAAAARANNAG T A PAAAAAN A AT R >> b > R Y
<<<<<<<<<<<< VYV <<<<<<<<<</__\<<< w <<< << 4: AR ™7 "
01
| oz
1 o¢

SIXV -X

[NT] ININADV1dSIA

[NI] INFINADVIdSIAa

248



AayreA readu [erxerq %001 — ST OH — SWIL 'SA UONEIOY [edNA[RUY X(J¢-Urelq Lg'S 9IS

00T

[Das] awIL
0¢l 001 0¢ 00
010°0-
S00°0-
7 , \»v ! ._ r N A ]
PrCanT N e = ST A T e s g, T A th AN ] T ASALLI A NN B WA £ A \ .*_/ | 0000
1 A s L Yt r 7 7 AT AT Ny T W LArs M) av L)
{ ! r IS . ! —
S00°0
0100

[eruowdxy - - - -

[eonAeuy

SIXV -7

[aVd] NOLLV.LOY

249



SuruopieH [BLIJBIA pauIquIo)) — A9[[e A [eHoduw [erxerd 9,0ST — 9T O — QWIL], "SA Juawoor[dsi(] [eonATeuy snbeqy §¢°¢ 31|

[DdS] ANLL
0°0C 0¢t1 0ol 0°S 00
0'9-
3 ot
1 oc
f\ M \><><>51144_411_H 00
-1 07
o ov
= 09
[euowadxy - - ---- SIXV - A
[eondireuy —
[Dasl aWIL
0°0C 0¢t1 00l 0°S 00
— 09-
3 ot
3 ot

?)\/%,\/\/\/ A 00

1 <V_ LIS GaZes )

0¢

%

09

SIXV -X

[NT] INTINADV1dSIA

[NT] INTGNADV1dSIA

250



[DAS] ANLL

001

< ’/ ‘ \
WS ey /\v/.\rv,\>

7

V!

Ly

»

4

S

=
LA XYV L

SIXV -7

FumuopIe [BLIJBIA pouIquIo)) — L[[eA [euodw] [erxeldq 9,051 — 91 OF — SWIL], "SA uoneioy [eonAeuy snbeqy g¢'g 2Ingrg

010°0-

S00°0-

0000

S000

0100

[aVd] NOLLV.LOY

251



Aaq[eA Tetredu] [erxerd 9,051 — 91 OF — WL, 'SA Juowweoe[dsi( [eonAeuy X J¢-Ulelq ('S 9IS

[DAS] ANIL
00T 0°¢I 001 0¢S 00
0'9-
= o1
1 oc
fl N >> P 070
“V -
-1 0°¢
o ov
_] 09
[euowadxy - - ---- mwvmaﬂ - A
[eondkeuy —
[OdS] ANIL
00T 0°¢I 001 0¢S 00
0'9-
— =
I r \.\ — 1 5___ — O..VI
R :_\{ \ﬁ,\.:\_ —.\::(.\.\_,«/\lﬂle, \:\/\ /.::_ \' .—u/h\..,\/. ,_ <_4\_ U .__.“ h/ ._ ___ __ ~( m -
AN WAMNAMAN A M ,<<<< < d ? §52<</> =
< < N E
v <V_ ST~ 7 ST
-1 0°¢
= ot
3 09

SIXV -X

[NT] INTINADV1dSIA

[NT] INTINADV1dSIA

252



AayreA readuy [erxerd %061 — 91 OH — SWIL 'SA UONEIOY [edNA[RUY X¢-Urelq [4'S 9InS1g

[0dS] AINLL

0°0C 0°¢CI 001 0°¢ 00
010°0-
| s000-

\< f/:w,ll_\\\__z«\vanr?.\v.—m\*\.._:.ﬂA_il\vﬂ W—Aﬂ\ _\\_, ,/. .\. \.\a_ \._ H
PN AN S S ——1 0000

5\(/\()\((/\/)\(/\/\/\/>>\(x((/\</\</\)))\l)\f)\/\$\ ___.A ___\__ T R T T
| <000
1 o100

_Sq@EConm-----. mmvmaﬂnN
[eonAleuy

253

[aVd] NOLLV.LOY



Ayonseyd 1095104 — A9[eA [eradwy [erxerd %051 — 91 OF — SWILL "SA judwase(dsi(q [eonkeuy snbeqy ¢ om3rg

[DdS] HNILL

00
0°0C

0°¢I-

0°0I-

0°¢-

- =

I/A/4/\_/l_\/\/\z\¢4 R A R e e R A T

~

00
0°S

001

0°¢I

00T

[euowadxy - - - - SIXV - A
[eondeuy —
[oas] amiL

00
0°0C

0°¢I-

00I-
0°¢-

- \ \i
P R T SN NS AN s n 2 N S 2NN ~F N IPRPENAN (R r
SN SNNT WS S I~ P BV ATE IV L EaRIRE S Rt e A/\/ '

00

N AY )
' DRV /\:/\...\.—1/\
1

0°¢

001

0°¢I

00T

SIXV -X

[NI] INAINADVIdSIa

[NI] ININADV1dSIA

254



Suruoprey [eudley drdonosy — A9[e A Teudwy jerxerq 9%0S1 — 91 OF — SWIL], “SA Judwade[dsy( [eonA[euy snbeqy ¢f'G 9In3rg

[DAS] ANIL
0°0¢C 0°¢GI 001 0°¢S 00
09-
- ot
-1 0¢C
Ay 00
T, F vV vV VA v ¥ ] O.N
,N.<_ /.\_ \\,m ,_. ,:__ __\ /.. \ “_./“_ /5 _._ :a ,a_, v, ,;\_\Vn, / _»\ — :J_. /“J/\, .Jh. s =
AAANANNPNAMNNANANAANNNANAANMNANNANN VY 3 o+
3 09
[eyuowadxy - - - - -- SIXV - A
[eondkreuy
[OdS] ANIL
0°0¢ 0°¢GI 001 0°¢S 00
_ _ _ _ _ _ _ _ _ Ho9
AADAAAAAAAAAAAN A Al A AP A_A :>><<>. > > -1 0V
VVVVVVVVYYVVVVVAYVV VYV VNN, -\ ZVVVVEN AR <\f: _
A _\{,\ﬁln__\z. B .(. AR M \(z/./.:(. Z/h\..&/.\ NRYD: ,A,._._z‘ L] __\ —
1 < | :. . >.<> > — ONl
e Tl =
< v v = <7V_\!41) 77 _H O O
=
- ov
=1 09

SIXV -X

[NT] INTINADV1dSIA

255

[NT] INTINADV1dSIA



Suruopiey [BLIOJBIA OnBWULY — AS[[BA [eHodW] [erxerd %0ST — 9T OF — QWIL], "SA Juawoor[dsI(] [eonATeuy snbeqy 414G 2In31,|

[DAS] ANIL
0°0¢C 0°¢GI 001 0°¢S 00
09-
- ot
3 ot
Ay 00
[ A VAN ¥ ] O.N
.\/«_J _\ \\ ¢ ,_. —\_—_~ /. :f/“_—/\ _._ _..a—&_, AVRVR \_\\m, A \I\I o : \ “/.I\— W_/. —“_ —
\<<(<<<<<<<<<</>\</>\</>>>\<</>>>>>>\ 3 oy
3 09
[eyuowadxy - - - - -- SIXV - A
[eondkreuy
[OdS] ANIL
0°0¢ 0°¢GI 001 0°¢S 00
_ _ _ _ _ _ _ _ _ Ho9
>>>>>>>>>>>>>>> Py A_A :>><<>. > > -1 0V
,<<<<:<<< <<< <:<\, </( </<,<,<,<<<_ <</\\.<<_ VoM A «ﬂ,,<\.,<_ <\£’ —]
WS E -y \{\ﬁ \ .(. M :/.:4 Z/h\..&/.\,_—\;. ,A,._._z‘ L] __\ —
1 < | :. . >.<> > — ONl
e Tl =
4 v v . <7V_\!41) 77 _H O O
=
- ov
3 09

SIXV -X

[NT] INTINADV1dSIA

256

[NT] INTINADV1dSIA



CHAPTER 6
EXPERIMENTAL AND ANALYTICAL RESPONSE OF
TEST CONFIGURATION 4

This chapter provides a summary of the experimental test data and the finite element analysis
results of Test Configuration 4. The fourth configuration, as seen in Figure 6.1, featured all of the
masses loaded on the east side of the diaphragm, resulting in a /2 mass asymmetry, and four 4”
Extra-Strong Columns. The dynamic properties of the test structure in Test Configuration 4 are

shown in Table 6.1.

Five earthquake simulations were performed with this test configuration: 10% X-Axis only
[PGAx =0.105 g], 10% Y-Axis only [PGAy = 0.070 g], 10% Biaxial [PGAx =0.102 g and PGAy
=0.062 g], 100% Biaxial [PGAx = 1.115 g and PGAy =0.711 g], and 150% Biaxial [PGAx =
1.629 g and PGAy = 1.121 g]. Characterization tests were also performed to determine the
dynamic properties of the model. The complete test sequence for Test Configuration 4 is shown

in Table 6.2.

The first three earthquake simulations, using 10% X-Axis only, 10% Y-Axis only, and 10%

Biaxial input motions, featured elastic behavior only. The fourth simulation, using 100% Biaxial
input motions, was the initial inelastic test for this configuration. Subsequently, an additional test
was performed in which 150% Biaxial input motions were used and featured pre-existing damage

in the model columns.

This chapter summarizes response data of this test configuration during the earthquake
simulations and the dynamic characterization tests. Summaries of test model accelerations,
displacements, torsional moments, overturning moments, column end moments, and base shears

are also provided.
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6.1 OBSERVED STRUCTURAL RESPONSE

The diaphragm acceleration and displacement time history responses for the 10% X-Axis
simulation are shown in Figure 6.2. The base shear vs. displacement and torque vs. rotation are
shown in Figure 6.3. Similar responses for the 10% Y-Axis simulation are shown in Figures 6.4
and 6.5. Results for the 10% Biaxial simulation are shown in Figures 6.6 and 6.7. The responses
for the 100% Biaxial simulation are shown in Figures 6.8 and 6.9. Results for the 150% Biaxial

simulation are shown in Figures 6.10 and 6.11.

Tables 6.3 — 6.7 list the peak recorded diaphragm relative displacements and peak diaphragm
accelerations, and corresponding PGA for each of the five earthquake simulations performed in
this test configuration. Also listed are the maximum base shears, maximum torsional moments,
maximum overturning moments, maximum column end moments for each column, and

maximum column end shears for each column.

6.2 OBSERVED RESPONSE DISCUSSION

The calculated force-deformation behavior of the structure in the X and Y directions and about
the Z-Axis are shown in Figures 6.12 and 6.13. In the X direction, the model has a yield
displacement of 0.42 inches at a yield force of 19.28 kips. In the Y direction, the model has a
yield displacement of 0.44 inches at a yield force of 18.35 kips. The model has a yield rotation of
0.0062 radians at a moment of 1356 kip-inches. In Figure 6.14, the structural force-deformation
behavior shown in Figures 6.12 and 6.13 is compared with the maximum force-deformation
response from each of the earthquake simulations in this test configuration. Elastic response
spectra of the recorded table motions for EQ 25 — EQ 28 are shown in Figures 6.15 — 6.18,
respectively. The modal freq